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Abstract 

There has been an inclination in industrial coatings towards the utilization of more 

eco-friendly, renewable, and biodegradable solutions. Among these solutions, a 

material of special interest is nanocellulose, which, owing to its biodegradable and 

renewable nature in addition to properties such as mechanical robustness, 

flexibility, low density, non-toxicity, and surface modification ability, has become 

an extremely popular research topic. 

This work dealt with non-contact measurement of coating thickness for 

nanocellulose-based films and coatings. Knife coating was used throughout the 

work. Three non-contact methods, viz. NIR spectroscopy, IR thermography, and 

optical confocal displacement sensing were used to measure thickness of 

nanocellulose coatings, both in dry and wet state. Two different types of 

nanocellulosic materials, namely, microfibrillated cellulose (MFC) and cellulose 

nanofibrils (CNF) were used in the study. Polypropylene, polyether sulfone 

membrane, and stainless steel were used as substrates. 

Optical confocal displacement sensing was found to be the most accurate technique 

for measuring the thickness of MFC films with an RMS error of 9.3% for wet films 

and 29.1% for dry films. For CNF films, IR thermography produced best results 

with an RMS errors of 26.1% and 13.2% for wet and dry films respectively. As 

evident, the measurements were lacking industry-standard accuracy, which leaves 

the scope for improvement in future work.  

 

Keywords: Online measurements, non-contact examination, nanocellulose, thin-

films, coatings, thermography, NIR 
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1. Introduction 
 

Quality control is an indispensable need for any large-scale manufacturing facility. 

For industrial coatings, ensuring good quality of coating is important from both 

economic and sustainability perspectives. Here, coating quality is a qualitative 

parameter which is a resultant function of multiple factors, such as uniformity in 

thickness, absence of defects, optimal coat weight application, drying strategy etc. 

Among these factors, the present work deals with monitoring of coating thickness 

measurement, which in turn, can be related to the coat weight. Modern coating 

processes possess the ability to precisely control the final coating thickness, and the 

control is not limited to the metering element alone as they also include 

measurement systems equipped with feedback to the metering system. 

The coating industry has been utilizing various methods for online monitoring of 

coating thickness and/or coat weights for a long time. The choice of the 

measurement technique is based on the coating being applied. The used techniques 

can be broadly classified into two categories, viz. contact and non-contact testing. 

Typically, wet or uncured coating monitoring utilizes non-contact techniques and 

the dry or cured side may utilize either contact or non-contact devices. For reel-

based coating processes, non-contact measurements are preferred but for semi-

batch processes like powder coatings on automobile parts, contact testing might be 

chosen. In the papermaking and converting industry, the usual method of thickness 

and basis weight control is non-contact testing where the subject of the 

measurement can be either paper or coating. 

In recent times, due to environmental concerns related to solvent-based coatings, 

there has been an inclination in the coatings industry towards the utilization of more 

eco-friendly, renewable, and biodegradable materials. This trend has resulted in 

research efforts to replace the harmful solvents with water or other environmentally 

benign solvents, to use bio-based coating materials, and to integrate coated products 

in the circular economy. As a result of efforts in the previous two decades, 

researchers have identified many solutions which include water-based dispersion 

coatings, drop-in biopolymer coatings, biocomposite and bionanocomposite 

coatings, etc. Among these solutions, a material of special interest is nanocellulose, 

which, owing to its biodegradable and renewable nature in addition to properties 

such as mechanical robustness, flexibility, low density, non-toxicity, and surface 

modification ability, has become an extremely popular research topic. 

Applications for nanocellulose thin-film structures, such as stand-alone films and 

coatings have been explored widely in the last ten years. The manufacturing of 

nanocellulosic materials has matured at a rapid pace and constant research efforts 

are being made to enable their high-throughput processing into thin-film structures. 

Simultaneously, due to growing concerns related to plastic pollution, the market is 

gearing up for accepting nanocellulose-based products in daily life. As a result, the 

introduction of nanocellulose-based films and coatings in industrial processes is 

imminent and the need for quality control systems for such processes is also 

expected to arise. 
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No measurement methods have yet been studied specifically aimed at measuring 

thickness and/or coat weights for nanocellulose films and coatings. Thus, the 

motivation behind this work was to study online measurement techniques which 

could be utilized in industrial process control of nanocellulose-based films and 

coatings, in the near future. In order to fill this information void, the current work 

deals with online measurement of coating thickness for nanocellulose-based films 

and coatings. For this purpose, state-of-the-art industrial techniques were studied 

and the most suitable different techniques were selected to be tested. The three 

techniques were then studied experimentally using two different types of 

nanocellulose materials coated over three different types of substrates. The 

experimental matrix can be found in the table below.  

Table 1: Experimental matrix for the current work 

Substrates Film materials 

Plastic 

Polymer membrane 

Metal 

Microfibrillated cellulose 

Nanofibrillated cellulose 
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2. Literature review 
 

Coatings are applied in order to impart decorative, protective, and functional 

properties to products.  A single coating layer may deliver multiple features, or 

several different coating layers may be required to achieve the desired properties. 

The choice of coating materials, number of layers and thickness of layers depends 

on the end use of the product. Coating is a well-studied and well-established unit 

operation in numerous industries such as pharmaceuticals, paper and paperboard, 

wood products, steel, automobile, aviation, and packaging. Most coatings used in 

decorative and protective applications are solvent-based, the examples of which can 

be found in many ubiquitous products, such as wall paints, furniture, and vehicles. 

On the other hand, water-based coatings can be found in certain products like 

medicinal tablets, paper cups and packages, books, magazines, etc. 

Due to environmental concerns related to solvent-based coatings, there has been an 

inclination in the coatings industry towards the utilization of more eco-friendly, 

renewable, and biodegradable materials. This trend has resulted in research efforts 

in three directions: (i) replacement of the harmful solvents with water or other 

environmentally benign solvents; (ii) use of bio-based coating materials; and (iii) 

integration of coated products in the circular economy. An example of this trend 

can be observed in the food packaging industry, which is under immense pressure 

to replace petroleum-derived plastic materials with biodegradable and renewably-

sourced ones. As a result of efforts in the previous two decades, packaging 

researchers have identified many bio-based solutions suitable for replacing fossil-

based plastic layers in food packaging. These solutions include water-based 

dispersion coatings, drop-in biopolymer coatings, biocomposite and 

bionanocomposite coatings, etc. [1]–[6]. Among these solutions, a material of 

special interest is nanocellulose, which has become an extremely popular research 

topic in recent times. 

Apart from packaging, exciting applications of nanocellulose have been reported in 

literature in a wide array of technological fields, such as electronics, 

pharmaceuticals, cosmetics, and biomedicine. Some specific examples of these 

applications are in flexible energy storage devices [6]–[8], drug delivery systems 

[9], [10], tissue engineering platforms [11]–[13], water purification assemblies 

[14]–[16], etc. During the past decade, numerous novel nanocellulose applications 

have come to the fore, and the spectrum is widening at an astonishing rate. 

 

2.1  Production and classification of nanocellulose 
Nanocellulosic materials can be derived from various natural cellulose-containing 

sources such as plants, trees, bacteria, algae, wastewater sludge, and tunicates. 

These materials can be broadly classified into three categories on the basis of their 

morphology and production method viz. (i) cellulose nanofibrils (CNFs), (ii) 

cellulose nanocrystals (CNCs), and (iii) Bacterial nanocellulose (BNC). 

Nanocellulosic materials often appear in literature with different names such as 
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microcrystalline cellulose (MCC), microfibrillar cellulose (MFC), cellulose 

microfibrils (CMFs), nanocrystalline cellulose (NCC), nanofibrillar cellulose 

(NFC), etc. Figure 1 summarizes the classification and also brings together the 

parallel nomenclature of the same materials by different research groups. [17] 

 

Figure 1: Classification of nanocellulose materials [17] 

 

A number of techniques, roughly categorised into top-down and bottom-up 

approaches, have been developed to produce nanocellulosic materials. Here, the 

top-down approach means inducing cellulosic materials to mechanical and/or 

chemical action to obtain micro or nanofibrils, and the bottom-up approach denotes 

the use of special bacteria or algae to produce nanocellulose. 

In the top-down approach (see Figure 2), extraction of nanocellulose from the 

source cellulosic material consists of multiple processes such as, chemical or 

enzymatic pre-treatment, mechanical treatment, acid hydrolysis, etc. In general, the 

pre-treatment operation involves any enzymatic or chemical treatment of the raw 

material in order to prepare it for further processing. For instance, while using wood 

as the cellulosic raw material, pulping and bleaching can be considered as pre-

treatment steps. However, a majority of large-scale production facilities for 

fibrillated cellulose use wood pulp as the raw material. In this context, apart from 

purification and homogenization of the raw material, the pre-treatment step can also 

be utilized to impart surface charge to the fibers, which contributes towards the 

stability of the fiber suspension through electrostatic repulsions. A number of pre-

treatments have been explored in order to increase the charge content on fiber 

surface such as, 2,2,6,6,-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated 

oxidation [18], carboxymethylation [19], carboxylation via periodate chlorite 

oxidation [20], sulphonation [21], and cationization [22]. Additionally, it has been 

shown that pre-treatment operation reduces the energy consumption in the 

subsequent refining operation [23], [24]. 
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Figure 2: Schematic of nanocellulose extraction adapted from Lavoine et al. [25] 

The second unit operation involves breaking down the cellulose material into 

nanoparticles using high-shear mechanical treatment. Typically, when pre-

treatment is followed by mechanical treatment, the resulting nanoparticles are 

called cellulose nanofibril (CNF). Whereas, when cellulosic raw material is 

subjected to only mechanical treatment, a coarse grade material called 

microfibrillated cellulose (MFC) is obtained [26]. Another method to extract 

nanoparticles from cellulosic raw materials is acid hydrolysis, where using strong 

acids such as sulphuric, hydrochloric and phosphoric acid followed by dialysis, 

results in suspensions of cellulose nanocrystal (CNC). CNCs are rod-like, low 

aspect ratio particles while MFCs and CNFs are high aspect ratio fibrillar materials. 

The reason behind the difference in grades of nanocellulose via these two de-

structuring routes lies in the inherent nature of cellulosic raw materials, which 

consist of both amorphous and crystalline regions. The disordered (amorphous) 

regions are preferentially dissolved during the strong acid treatment, leaving behind 

the more resistant crystalline regions. 

These nanocellulose production processes are however energy intensive and are 

limited to production of low consistency aqueous suspensions. The high viscosity 

and yield stress of nanocellulose suspensions, even at low solids, makes the passage 

of high consistency suspensions through the grinding and homogenizing equipment 

rather difficult, and the efficiency of the defibrillation process is also hampered. 

Therefore, optimization of top-down technologies is needed, in order to reduce 

energy demand and production costs and to improve process yield and product 

quality. 

On the other hand, in the bottom-up approach, cellulose producing bacteria such as 

Acetobacter xylinum are used to obtain nanocellulose fibers. Bacteria produce 

cellulose for possible reasons like protection from the environment and gaining 

access to oxygen [27]. Chemical constitution of BNC is the same as plant-based 

cellulose, however, it is free from secondary compounds, such as lignin, 

hemicelluloses, and pectin. The purity of BNC makes it very attractive for medical 

applications such as bone tissue regeneration, making artificial skin, wound 

dressing materials, etc. 

Morphology-wise, BNCs typically form ribbon-like bundles with length in the 

range1-9 μm and diameter of 20-100 nm. Whereas, CNF have a diameter of 3-100 
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nm and length of up to 100 µm and usually form spaghetti-like bundles. Unlike 

BNC and CNF, CNCs have rod-like shape and usually, their length varies from 100 

nm to several microns and diameter from 3-50 nm as per ISO/TS 20477:2017 

definitions [25], [28]. Since the dimensions of CNC, BNC, and fine grades of CNF 

are smaller than the wavelength of visible light, diffraction effect causes the 

appearance of their suspensions to be transparent or translucent, whereas 

suspensions of coarse grades of CNF and MFC are typically opaque. 

2.2  Nanocellulose in films and coatings 
Cellulose fibers possess the ability to form intermolecular hydrogen bonds due to 

the presence of carboxyl and hydroxyl groups on their surface. Papermaking 

chemistry states that upon the evaporation of water in aqueous suspensions of 

cellulose fibers, the fibers come close together to form a strongly bonded paper 

network. The same principle applies to nanocellulosic materials, which undergo 

self-assembly upon drying. Hence, a controlled self-assembly procedure can be 

utilized to produce thin films and coatings from nanocellulose. Such films have 

been produced and investigated by a large number of research groups over the last 

fifteen years and have been reported to be transparent, mechanically strong, and to 

possess excellent barrier properties against oil, grease, and oxygen. Comprehensive 

reviews discussing nanocellulose films and their properties enlist the tremendous 

potential that the material possesses [26]–[28]. 

The mechanical properties of nanocellulose films depend greatly on the extent of 

intermolecular hydrogen bonding in the dry film. In turn, hydrogen bonding 

depends on many variables such as cellulose source composition, nanocellulose 

production method, fiber morphology, moisture, etc. An important parameter for 

fibrillar nanocellulose is the degree of fibrillation. Higher extent of fibrillation 

results in finer fibrils possessing large specific surface area and hence, offering the 

scope for more effective hydrogen bonding and surface functionalization. This 

effect can be observed from the transparency of CNF films. Since these materials 

possess large surface area due to small fiber size, extensive hydrogen boding leads 

to the formation of closely packed film structures. This causes minimal 

backscattering of light from fiber-air interfaces in the films, making them 

transparent with high clarity. On the other hand, films formed from MFC, while 

being transparent, usually have high haze because the film network is not as densely 

packed as in CNF films. The relatively larger fibril size of MFC also contributes to 

the light scattering. Additionally, CNF films are mechanically stronger than MFC 

films due to superior hydrogen bonding [32]. Transparency of CNC films can be 

explained using the same principle. However, pure CNC films tend to be brittle and 

the use of plasticizers, such as glycerol and sorbitol, has been reported in literature 

to reduce the brittleness [33], [34], [35]. 

Barrier properties of films are dependent on the tortuosity and compactness of the 

network structure formed due to the self-assembly of fibrils [36]. Due to the small 

size of nanocellulose, their dry films are densely packed and tortuous, thus not 

allowing fluids like oxygen, heptane, mineral oils, etc. to permeate through the film 

rapidly. However, due to the hydrophilic nature of the cellulose molecule, the dry 

film structure swells and becomes open upon contact with water or moisture. 
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Therefore, nanocellulose films as such are not able to demonstrate good barrier 

properties in high humidity environment. Many research groups have demonstrated 

treatment methods to improve the water vapour barrier of nanocellulose films. Few 

examples of such methods are coating native films with polymers such as LDPE, 

PLA, etc. or with beeswax, paraffin and starch [37]. 

Apart from standalone films, nanocellulose coatings have also been widely studied 

for applications related to barrier performance improvement of the base paper, 

improved printability, and surface functionalization. Among these applications, 

barrier improvement has been the most extensively targeted one with early 

publications reporting drastic drops in air permeance and improvement in oil 

barrier, due to the application of thin coatings on greaseproof paper [36], [38]. 

These findings were soon followed by studies reporting the improvement in surface 

strength, smoothness and bending stiffness offered by nanocellulose coatings [25], 

[38]. Studies on printing on smooth nanocellulose coated surfaces were reported by 

Song et al. [39] who found that the amount of dusting reduces during offset printing 

when a thin nanocellulose layer is applied on newsprint grade paper. Hamada et al. 

[40] reported the improvement in print quality when printing on a nanocellulose 

coated substrate with an inkjet process. A large fraction of literature deals with 

nanocellulose coatings in batch scale using a range of methods like rod coating with 

a drawdown coater, dip coating, spin coating, foam coating, spray coating, etc. 

Recently, use of continuous coating methods have been reported by Kumar et al. 

[41] and Koppolu et al. [42] where they demonstrated the use of slot-die for coating 

nanocellulose on paperboard. 

 

2.3  Film thickness measurement 
Quality control is an integral part of any commercial production process. Similarly, 

in coating processes, ensuring good quality of coating is important from both 

economic and sustainability perspectives. Here, coating quality is a qualitative 

parameter which is a resultant function of multiple factors such as uniformity in 

thickness, absence of defects, optimal coat weight application, drying strategy etc. 

One single parameter is seldom used to describe the coating quality since multiple 

variables are associated with the final quality in the process. Before commercial 

production starts, studies on substrate properties and coating formulation 

development are often concluded on laboratory scale. Optimal coat weight, which 

is usually related to coating thickness during processing, is also pre-selected based 

on the performance requirement of the coating. Modern coating processes possess 

the ability to control the final coating characteristics very precisely and the control 

is not limited to the metering element but also includes drying. The reasons for the 

need to precisely control a coating process include: 

(i) saving material through the application of minimum sufficient coat 

weight 

(ii) ensuring energy savings through the optimal use of drying capacity 

(iii) monetary benefit through the use of lower amounts of materials 

(iv) ensuring defect-free end product 



Aayush Kumar Jaiswal 

15 

 

(v) ability to modify the running process as and when needed 

The scope of drying has been left out of discussion in the current work and emphasis 

has been paid towards the role of the metering unit operation for the final film 

thickness. 

The coating industry has been utilizing various methods for online monitoring of 

coating thickness and/or coat weights in the past. The measurement techniques can 

be broadly classified into two categories, viz. contact and non-contact techniques. 

Both contact and non-contact testing methods have their advantages and 

disadvantages. Contact tests make direct physical measurements of sample 

dimensions and give the actual thickness value. However, the accuracy of such 

devices can be hampered when measuring small thicknesses on the sub-micrometer 

level. Apart from its physical limitations, contact testing finds itself unfit for 

applications in continuous roll-to-roll processes due to the nature of the test being 

destructive for coatings. On the other hand, non-contact testing does not touch the 

coating physically. This mode of testing relies on measurements of certain physical 

or chemical properties of the sample and relates them indirectly with the sample 

thickness. Non-contact testing is a more suitable approach for implementation in 

continuous processes due to its negligible interference with the sample. The 

sensitivity of such instruments can be controlled through the hardware while the 

performance of the device is tunable via the evaluation algorithm. However, these 

benefits are conjoined with high investment and maintenance costs, and the 

complexity of the devices often requires special training for machine operators. 

Since the present work focuses on online measurement techniques and those are 

generally of non-contact nature, the subsequent text will deal only with non-contact 

measurement methods. 

 

2.3.1 Non-contact techniques 
There are numerous non-contact techniques, which have been demonstrated to 

measure thickness of thin films and coatings. Although many of these devices have 

been tested only in lab-scale batch processes, the possibility for upscaling to an 

online system has often been claimed. The classification of such systems into 

different types can be made on the basis of principle of operation. For instance, 

some prevalent industrial systems can be classified into electrical, magnetic, 

acoustic, and optical methods [43], and some of those are described below. 
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Electrical and magnetic methods 
 

Capacitive sensing 

Capacitive sensors were one of the first sensors to be utilized in the paper industry 

to measure the moisture content of the paper web. Their applications have not been 

limited to the paper industry, but they can be found in modern process plants as 

well as in automobiles, electronic gadgets, etc. The operating principle of capacitors 

is well-known and states that electrical energy is stored in the form of charge build 

up on electrodes, which are separated by a dielectric medium and observe a voltage 

differential.  

Capacitance, an electrical property of capacitors, is a measure of the amount of 

charge that a capacitor can hold at a given voltage. Therefore, capacitance is defined 

as: 

𝐶 =
𝑄

𝑉
 

where 

 𝐶 is the capacitance (in Farad), 

 𝑄 is the magnitude of charge stored on each electrode (in Coulomb), and 

 𝑉 is the applied voltage (in Volts). 

The geometry of a capacitor defines its capacity to store charge and hence defines 

its capacitance. Common types of capacitor geometries are parallel-plate, 

cylindrical tube, rod, and hexagonal with each type having its own specialized 

applications. For instance, cylindrical and tube-type capacitors are used for sensing 

liquid level in tanks, in brake fluid monitoring, tilt sensing, etc. [44] 

Online capacitive thickness measurement systems can be either single-sided or 

double-sided, according to the requirements and the characteristics of the process. 

Both arrangements might use the same or different measurement principles. 

Typically, for one-sided thickness and proximity sensing applications, fringe-type 

capacitors are used. On the other hand, two-sided systems use either parallel-plate 

or fringe-type capacitors [45] (see Figure 3). 
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Figure 3: (a) Schematic of double-sided capacitive measurement using parallel-

plate assembly and (b) single-sided measurement using a conductive backing 

The parallel-plate capacitor model for measuring web thickness has a fixed 

requirement of being double-sided, since the electric field originating from the 

positively charged electrode passes through the target to meet the other electrode. 

In this case, the non-conductive target material acts as a dielectric medium, which 

lowers the intensity of the electric field passing through itself. The capacitance of a 

parallel-plate capacitor with a dielectric medium separating the two electrodes is 

calculated as: 

 

 

(a) 

(b) 
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𝐶 = 𝜀0𝑘
𝐴

𝑑
 

where 

𝜀0 is the permittivity of free space (vacuum), equal to 8.854 x 10-12 F/m, 

𝑘 is the dielectric constant of the medium, also known as relative permittivity, 

𝐴 is the area of capacitor plate, and 

𝑑 is the distance between the plates. 

Using the above equation, the dielectric constant of a dry film can be determined 

by measuring the capacitance of a film of known thickness. This is a typical 

calibration step and is subsequently followed the actual measurement where the 

capacitance is a function of only the separation between the plates. For contactless 

measurement, in order to compensate for the change in the dielectric constant due 

to the presence of air between the electrodes, the multiple dielectric media model is 

used. In this model, the capacitance between each parallel surface lying within the 

capacitor plate gap, is added in series to obtain a total capacitance as follows: 

1

𝐶𝑡𝑜𝑡𝑎𝑙
=

1

𝐶1
+

1

𝐶2
+ ⋯ +

1

𝐶𝑛
 

where 

𝐶𝑡𝑜𝑡𝑎𝑙 is the total capacitance of the system. 

𝐶1, 𝐶2… 𝐶𝑛 are the individual capacitances between parallel surfaces within the 

capacitor plate gap, e.g., capacitance between the electrode and the dielectric 

surface, capacitance within the dielectric medium, etc. 

However, the actual observed capacitance of a parallel-plate capacitor is always 

more than the theoretically calculated value. The extra capacitance is called fringe 

capacitance, which is generated due to non-linear electric field originating at the 

edges of the electrode plates. For some applications, solely the fringe capacitance 

is utilized for measurements. But even in this case, the measurement principle, 

nonetheless, remains the same with the non-conductive target acting as a dielectric 

to the capacitor and the change in capacitance being a function of the dielectric 

thickness. 

Both single-sided and double-sided measurement assemblies are used in the 

industry, with each having its own advantages and disadvantages. An advantage of 

using a double-sided system is that the results are not affected by web flutter. The 

parallel-plate model also works over a larger probe-to-target distance, as compared 

to fringe capacitance method. However, single-sided instruments are more popular 

capacitive measurement systems for measuring dielectric and insulating materials 

like plastic films and paper. Since most web-based processes utilize rollers, it is 

convenient to place a single-sided device on a portion of the web supported by a 

conductive idle roll. The placement of probes on top of a roll removes the impact 

of web flutter but might add error to the measurement through machining flaws in 



Aayush Kumar Jaiswal 

19 

 

the backing roll. Additionally, with time and wear, the backing roll might become 

eccentric causing the target to lose its parallelity to the probe. 

A major limitation of capacitive measurement methods is the loss of accuracy upon 

increasing distance of the probes from the target. Authors have shown that the 

output signal starts to lose its linearity when the probes are placed more than 1 mm 

away from the target [45], [46]. Therefore, the probes have to be placed close to the 

target, which might not be possible in all kinds of online applications as the size of 

probes might become too big for larger measurement distances. Also, temperature 

and humidity affect the dielectric constants of materials. Although modern sensors 

are housed in robust casings, the sensor installation position has to be selected 

carefully to keep the calculation parameters constant. In the case of fringe 

capacitance method, the measurement probes must be guarded against stray 

capacitance and noise, since the output signal is much weaker as compared to the 

parallel-plate method. 

Capacitive sensor technology is quite mature, inexpensive, and reliable. 

Additionally, the absence of mechanical parts and contactless operation of these 

systems allow them to have a long functional life. Their compact size and light 

weight also allows installation on small pilot machines. Although these devices can 

be tuned by changing the probe type, their operating range is not very flexible. 

Currently available parallel-plate devices in the market claim a nominal range 

between 25-800 µm. The maximum limit is improved by using cylindrical 

capacitors to up to 2000 µm, but the lower limit is not affected much. As a result, 

the measurement range of capacitive devices is limited on the lower end of the 

range. Typically, the dry film thickness of nanocellulose coatings is much lower 

than the lower limit of capacitive devices and hence, such devices can only be used 

for wet coating layer measurements. Homogeneity of the film material is also a 

critical factor in such measurements, since the electrical properties of materials vary 

with a change in solids content, amount of additives, presence of lumps, entrapped 

air, etc. Therefore, it can be concluded that although capacitive sensing has its 

advantages, it is not the best available technology for online measurement of 

nanocellulose films and coatings. There is often a need to combine the technique 

with inductive sensing to produce higher precision. 

 

Inductive sensing 

Inductive sensing technology works on observing changes in the magnetic field 

produced by the inductor present in sensor probes when brought in the proximity 

of a target. Several techniques using inductance based devices exist, and the mode 

of operation of sensors varies depending on the magnetic characteristics of the 

target and backing material (if present). 

One approach of using inductive thickness gauges is the direct measurement of the 

change in magnetic field strength upon interaction with a target. The strength of the 

magnetic field depends on the permeability of the propagation medium. Calculation 

models for non-magnetic targets placed on top of magnetic substrates can be built 
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when the excitation parameters are known. This approach usually uses excitation 

current to produce a low-frequency magnetic field which penetrates the non-

magnetic target, as shown in Figure 4. Industrially, this technique is used to measure 

the thickness of paint, enamel, plastic coatings, and electroplated layers of 

chromium, zinc, copper, aluminium, etc. on steel and iron [47]. However, the 

measurement range of this method is limited to low thicknesses, typically less than 

200 µm [45]. Also, accurate measurements require a very small lift-off from the 

target, usually less than 1 mm [48] and in some cases, measurements might not be 

possible without ensuring physical contact between the probe and the coating. This 

approach is not feasible for industrial use in regard to nanocellulose films and 

coatings for two reasons- (i) the wet film thickness (WFT) is usually much higher 

than the measurement range of the devices, and (ii) contact measurement would be 

required on the dry-end, which is not practical for high-speed operations. 

 

Figure 4: Schematic of a direct inductive sensor [47] 

The second approach used in inductive sensing devices is based on the generation 

of eddy currents in the target material. The core principle behind eddy current based 

inductive sensing is Faraday’s law of electromagnetic induction, which states that 

the induced electromotive force (EMF) in a circuit due to a change in magnetic flux 

is equal to the rate of change of the magnetic flux through the circuit. Faraday’s law 

explains the concepts of self-induction and mutual induction, where the latter is 

used by sensing instruments. Mutual induction is the phenomena where an EMF is 

produced in a circuit due to a change in the current in an adjacent circuit which is 

linked to the first by magnetic field lines. Thus, a sensing probe containing a coil 

can interact with a conductive target through the magnetic field produced upon the 

passage of current through the coil. 
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Through this magnetic interaction, eddy currents are produced in conductive 

targets, which in turn, produce their own magnetic field to oppose the excitation 

field. Since the eddy current density depends on the distance between the probe and 

the conductive surface, the strength of the opposing magnetic field also depends on 

the distance. High-frequency magnetic field, typically several hundred Hertz, is 

used in this approach in order to produce sufficiently strong effect of eddy currents 

on the output signal and to allow a high signal-to-noise ratio (SNR) [49], [50]. 

The eddy current approach can be used only in special cases where the film material 

is both non-conductive and non-magnetic, while the substrate is an electrically 

conductive non-ferrous metal. Such combinations of film and substrate can, for 

instance, be found in paints on aluminium, copper and certain grades of stainless 

steel, such as 316 and 316L. In regard to nanocellulose film casting on steel belts, 

this method can prove to be useful. However, such limited applicability of these 

devices reduces their appeal for more established usage. Akin to the direct inductive 

sensors, eddy current sensors also work with small lift-offs and are unable to 

measure thick films. These both drawbacks make them unsuitable for measuring 

thick wet layers of nanocellulosic materials. However, eddy current sensors are 

suitable for use at the dry-end of coating machines since they do not necessarily 

require contact and are able to measure non-magnetic non-conductive thicknesses 

in the range of 2-100 µm [50]–[52]. 

Inductive sensing technology is widely used for proximity, position, and thickness 

sensing in the automobile and metal processing industries. Its use has also been 

prevalent in the food industry for measuring varnishes and in the electronics 

industry for measuring the thickness of LCDs [53]. However, due to its operating 

principle being dependent on electrical and magnetic properties, inductive sensing 

technology is limited by the types of targets that it can be applied for. Even if 

conductive backing rolls are used behind non-conductive substrates, the cumulative 

thickness of the film and the substrate is enough to significantly hamper the 

measurement. However, as the applications of nanocellulosic materials are growing 

rapidly, the substrates for coatings are also changing and will not be limited to fiber-

based materials. For instance, metal and glass have been explored recently as 

substrates [54]. Therefore, eddy current based inductive sensing holds potential to 

be applied for online measurement thickness of nanocellulose films and coatings 

on conductive substrates, especially on metals. 
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Optical methods 
 

Spectroscopy 

 

Spectroscopy is a broad term which covers a wide range of techniques that work on 

the principle of observing the interaction of electromagnetic radiation with matter. 

Since different regions of the electromagnetic spectrum possess different attributes, 

modern spectroscopic devices are able to exploit a wide range of the spectrum, such 

as, ultraviolet (UV), visible, microwave, and infrared (IR) [55]. Among these, IR 

spectroscopy is by far the most frequently used technology for coating analysis 

[56]–[58]. It is fairly old and well-studied technique for identification of molecules 

though its utilization for film thickness measurement is comparatively new, with 

first uses coming into the fore in the 1990s in the semiconductor industry [59], [60].  

The IR spectrum can be divided into three regions based on wavelength (or 

wavenumber), namely, far-IR (400-0 cm-1), mid-IR (4000-400 cm-1), and near-IR 

(14285-4000 cm-1). Majority of commercial instruments employ only the mid-IR 

and near-IR (NIR) wavelengths for operation, given the relevance of these two 

spectrums to most molecules. IR spectrometers also possess the ability to operate 

in either transmission or reflectance mode (see Figure 5). Ultimately, the choice of 

the measurement mode and the sweeping wavelength range depend on both 

chemical and physical attributes of the sample. The testing hardware and sample 

preparation methodology varies with sample characteristics. 

 

Figure 5: Schematic of measurement geometry in IR spectroscopic devices, using 

transmission mode (left) and reflectance mode (right) 

IR spectroscopy is a technique based on the absorption of incident energy due to 

vibration of atoms in molecules. A molecule absorbs radiation when the frequency 

of the incident radiation is the same as the frequency of one of the fundamental 

modes of vibration of the molecule. Here, the fundamental modes of vibrations are 
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defined in terms of stretching, bending, or rotation of bonds between atoms. Upon 

interaction with incident IR radiation of varying wavelengths, molecules exhibit a 

spectrum, which is devoid of a fraction of energy at certain wavelengths, due to 

absorption. The characteristic vibrations for which an IR spectrum exhibits 

absorbance peaks is an intrinsic property of molecules present in the sample, and 

the spectrum can hence be utilized for chemical composition analysis using 

reference spectra. Additionally, a higher concentration of a certain species in a 

sample causes more absorbance of energy at the species’ corresponding 

wavelengths. This phenomenon can be expressed numerically using the Beer-

Lambert law, which states the following: 

𝐴 = log
𝐼0

𝐼
= 𝑎. 𝑐. 𝑙 

where 

𝐴= Absorbance, 𝐼0= Intensity of incident light, 𝐼= Intensity of emerging light, 𝑎 = 

absorptivity coefficient, 𝑐 = concentration of absorbing species, and 𝑙 = optical path 

length. 

According to the abovementioned equation, if the target film has a homogenous 

composition, by measuring the absorption of the incident radiation and by 

experimentally determining the absorptivity coefficient, the thickness of the 

homogenous film can be calculated. However, Beer-Lambert law is a linear 

approximation of a more complex relationship between absorbance of light at a 

particular wavelength to the concentration and optical path length and therefore, 

corrections are applied to the basic law, depending on the sample properties. For 

instance, the linear proportionality of absorbance with concentration is valid only 

for low concentrations, typically in the order of 0.01 M [55]. In addition, this 

equation considers a plane-parallel model for calculation, whereas for practical 

purposes, measurements might be performed at a certain angle to the target surface. 

Tolstoy et al. [61] described the governing equations that represent the physics in 

different modes and geometries of IR spectroscopy. 

IR transmission spectroscopy uses the principle of Beer-Lambert law and is a 

comparatively simpler film analysis method as compared to reflectance methods. 

For precise chemical analysis purposes, liquid samples are usually measured in 

special solution cells. Solids can be either dissolved in a solvent and put in solution 

cells or can be mixed with alkali halides and formed into clear tablets. On the other 

hand, for film thickness measurement purpose, the absorption spectrum of the 

substrate, with and without the film is measured and subsequently, the substrate 

spectrum is subtracted, leaving behind the pure film spectrum. 

However, using the transmission mode for online measurements demands certain 

properties from both film and substrate. Both materials must be optically thin, i.e. 

should allow sufficient radiation to pass through them and be detected on the other 

side. Since the substrate is usually much thicker than the dry film, it occupies a 

large fraction of the maximum permissible optical path length and this already puts 

an upper cap on the measurable film thickness through this method. Thin polymer 
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films, up to 50 µm are measured comfortably with this method when the thickness 

of the substrate is roughly 1 mm [62]. But this range is highly dependent on the 

optical properties of the target material. For instance, the presence of IR radiation 

absorbing or highly reflective materials greatly reduces the SNR in the 

measurement. Also, non-metallic substrates are particularly susceptible to 

variations in optical properties [63]. Apart from these problems, installing double-

sided spectrometers in an online system is itself a challenge. To overcome such 

challenges, reflectance-based methods are adopted. 

IR spectroscopy is used in the reflectance mode for analysing samples which exhibit 

high reflectivity and are generally not characterizable in transmission mode. 

Reflectance mode also allows single-sided measurement, which is a major 

advantage of this method. There are two major approaches, which can be employed 

in the reflectance mode for measuring film thickness, namely, absorption method 

and optical interference method. Theoretically, both interference and absorption 

have influence on the output spectrum but for simplicity of measurements, only the 

output generated due to the dominating effect is taken into account in older 

instruments. However, in cases when both effects contribute significantly to the 

output signal, neither one can be neglected [62]. 

Absorption method in reflectance mode also works on the same principle as in the 

transmission mode, where the reduction in radiation intensity upon interaction with 

the sample is correlated to parameters such as optical path length, refractive index, 

absorptivity coefficient, and wavelength of incident light. Upon fixing variables 

through instrument design and calibration, a mathematical relation between 

absorbance and film thickness can be derived [61], [62], [64]. 

On the other hand, the interference method in reflectance mode works on the 

principle of observing the interference of light rays reflected from the top and 

bottom surfaces of the target film. A light ray reflected from the bottom surface 

travels a longer path to reach the detector than a ray reflected from the top surface. 

This difference in path length creates a phase difference between the two rays.  Rays 

in phase with each other create a constructive interference and the ones out of phase 

cause a destructive interference. The intensity of the output signal is thus dependent 

on the interference of the two reflected rays, which is in turn, dependent on the 

thickness of the film. Several authors have studied this method of film thickness 

measurement in recent times and reported improved correlation techniques for error 

elimination [65], [66] as well as novel measurement setups [57]. 

Due to their high cost and complexity, most spectroscopic techniques, such as 

photoacoustic, attenuated total reflectance (ATR) [67], laser-induced breakdown, 

[68], terahertz spectroscopy [69], [70] etc. have seen limited usage for film 

thickness measurements. However, these techniques have been utilized for precise 

measurement of thicknesses in the nanometer range, e.g. in atomic layer deposition 

(ALD) or chemical vapour deposition (CVD) processes. Whereas, simpler, 

inexpensive and rapid techniques like NIR absorbance spectroscopy have seen a 

much wider use in measurement of thicknesses in the micrometer range, upto 

several hundred micrometers. For instance, such devices are used in the 
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pharmaceutical industry to monitor thickness of tablet coatings and polymer films. 

In the paper and board industry, NIR method is used to determine moisture level in 

the web. 

In spite of its benefits, a major disadvantage of IR absorbance method is that 

measurements are limited to a certain maximum thickness, depending on the target 

material due to the ‘disappearance’ of the substrate in the output spectrum. The 

disappearance of substrate happens due to excessive absorption of incident 

radiation by highly concentrated film components, leaving the absorption peaks 

from the substrate relatively insignificant. This problem is especially notable for 

water-based coatings, which are applied in the form of dilute suspensions, like in 

case of nanocellulosic materials. Since nanocellulose film suspensions are very 

dilute (typically, 0.1-3% solids), devices essentially measure the thickness of a pure 

water film on the substrate. Water is a strong absorber of IR radiation and hence 

provides a strong response to the measurement system. But as the water film 

thickness increases, a large fraction of the incident radiation begins to be absorbed 

by water molecules and a limit is reached after which the device signal no longer 

remains sensitive to increasing layer thickness [69]. 

As a conclusion, spectroscopic methods prove to be versatile and powerful tools for 

thickness measurement of thin-films, even in the nanometer range, for offline 

applications. However, for online applications, their utility is limited to films less 

than 100 µm thick. Typically, for water-based films, measurements can be made 

for thicknesses up to 500 µm but a practical limit arises for films thicker than that. 

Improved evaluation algorithms for processing spectrum data are possible to be 

developed, but those might hinder the measurement speed and still not be valid for 

thicknesses in the range of 1000 µm. However, their performance within their 

measurement range is excellent in terms of accuracy, precision, and repeatability, 

making them very relevant for industrial use. 

Thermography 

Every object possessing temperature more than absolute zero radiates energy in the 

form of electromagnetic radiation. This radiation contains a range of different 

frequencies and hence creates a spectrum where every radiation spectrum possesses 

a peak at a certain characteristic frequency. The characteristic frequency depends 

on the temperature of the object, with higher temperatures producing higher 

characteristic frequencies. Planck’s law of blackbody radiation describes this 

phenomenon mathematically as follows: 

𝐼(𝑣, 𝑇) =
2ℎ𝑣3

𝑐2
×

1

𝑒
ℎ𝑣
𝑘𝑇 − 1

 

where 

𝐼(𝑣, 𝑇) = Power per unit surface area per unit solid angle emitted at frequency 𝑣 by 

a blackbody at temperature T, ℎ = Planck’s constant, 𝑐 = speed of light, and 𝑘 = 

Boltzmann’s constant. 
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The abovementioned Planck’s law can be integrated over the frequency domain to 

obtain a function for total emitted radiative power by a body. The integration results 

in yet another prominent relation known as the Stefan-Boltzmann law, which states 

the following: 

𝑃 = 𝐴𝜀𝜎𝑇4 

where 𝑃 = total radiative power emitted by an object, 𝐴 = radiative surface area,  𝜀 

= emissivity, 𝜎 = Stefan-Boltzmann constant, and 𝑇 is the surface temperature of 

the object. 

For objects at low temperatures, the emitted radiation lies in the infrared region of 

the electromagnetic spectrum. Hence, human eyes are unable to observe radiation 

from everyday objects. However, bodies start to emit a significant amount of visible 

light as their temperature increases beyond approximately 500°C, causing human 

eyes to observe a ‘glow’ in hot objects. However, most coating processes seldom 

reach temperatures in the range of 500°C. Therefore, in order to utilize emitted 

radiation to measure coating process parameters, IR cameras are used to detect 

radiation and convert the signal into electronic form to generate images. This 

method of imaging objects based on their infrared radiation emission is called 

thermography. 

Thermography is a widely used technique to study material characteristics, structure 

analysis, and non-destructive testing (NDT) in aerospace, automobile, construction, 

and metallurgy industry. Since thermographic methods detect radiation in the IR 

range of the electromagnetic spectrum, the technique is often called IR imaging or 

IR thermography (IRT). As an output, IRT produces images of objects based on 

their temperature. For instance, Figure 6 illustrates a thermographic image of a 

plastic web entering an oven in an online process, where the temperature difference 

is clearly noticeable. Apart from producing heat maps, images, and temperature 

profiles, thermographic methods can be used for detecting cracks in metals, glass, 

concrete, etc. Such cracks create local ‘hot spots’ that can be located using 

thermography and thus, structural failures can be prevented [71]. 

 

Figure 6: In-process image of a plastic film taken from an IR camera [72] 
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However, radiation from a target object might or might not be sufficient for 

producing a high SNR during thermographic measurements. SNR is affected by 

various factors like location of the measurement system in the process, ambient 

conditions, temperature of background objects, properties of target material, etc. 

Therefore, there is often a need to stimulate the measurement target by using 

external excitation. Many different methods have been demonstrated to stimulate 

targets externally, such as ultrasonic waves, microwave radiation, laser beams, IR 

radiation, eddy currents, etc. but IR radiation is the most commonly implemented 

method [73]–[77]. Many authors have reported mathematical techniques to 

diminish errors resulting from improper correlation between detected radiation and 

film thickness. Such errors might arise from conduction or convection effects, 

inaccurate measurement of thermal properties of targets, deviation from calculation 

model assumptions, etc. [78]–[81]. 

Thermographic techniques can be broadly divided into two categories, viz. active 

and passive thermography. Here, the basis of differentiation is that active methods 

stimulate target materials using external excitation while passive methods detect 

only the natural radiation from targets. Active methods are more commonly used 

because they allow the possibility to enhance signal quality and to control 

measurement conditions. Additionally, in active methods there can be multiple 

modes of external stimulation of targets such as short-pulsed, long-pulsed, lock-in, 

step heating, modulated, etc. [71], [82]. Describing the exact methodology of all the 

excitation modes is out of the scope of the current work, however, active lock-in 

infrared thermography is described in Materials and Methods section, since it was 

utilized in the current work. Some devices working on the same principle as IRT 

do not generate images but use the spectral data directly to measure target material 

characteristics, such as thermal effusivity, thermal diffusivity, thermal conductivity, 

heat capacity, etc. Such techniques are sometimes termed as photothermal detection 

techniques. 

Typically, lab-scale active IRT techniques are able to measure film thickness 

ranging from 1-1000 µm [71], [83]. However, this range varies with targets that 

possess different thermal and optical properties. For instance, commercial devices 

from Erichsen GmbH and Winterthur Instruments AG are stated to have measuring 

ranges of 0-2000 µm for powder coatings on metals and polymer coatings on wood, 

glass, carbon fiber reinforced polymers (CFRP), etc. For these devices, the 

maximum web speed lies in the range of 50-120 m/min and maximum lift-off lies 

in the range of 5-20 cm. A major advantage of using IRT is its applicability to a 

wide selection of materials and a wide measurement range. Unlike spectroscopic 

techniques, the performance of IRT methods is independent of the chemical 

composition of targets and it gains an upper hand to electric and magnetic methods 

in terms of allowing a greater lift-off. A significant disadvantage of IRT is its high 

sensitivity to thermal and optical properties of target material, which might vary in 

the process. Additionally, improper calibration and calculations based on erroneous 

signal evaluation models might cause inaccuracy in the results. However, this might 

be due to the fact that the concept of utilizing IRT for measuring film thickness is 

rather new and patents have been granted for such devices only in the last decade 

[84], [85]. Apart from improvements in hardware, novel signal processing models 
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employing machine learning in addition to thermodynamic modelling [80], [81] 

have been reported recently. It can be concluded that this technique is being 

investigated and improved continuously, and it possesses great potential to become 

a powerful industrial technique in the future. 

 

Laser and white-light displacement methods 
The utilization of electromagnetic radiation for position sensing is commonplace in 

today’s world, ranging from simple devices like automatic doors to sophisticated 

systems like RADAR. Precise position sensing, typically used for detecting 

displacement, has been utilized for measuring layer thickness since 1970s [86]. 

Such sensing devices operate either in the low-energy invisible or in the visible part 

of the spectrum and can be categorized into three types based on their mode of 

operation, viz. triangulation, optical interference, and chromatic aberration. 

Triangulation is one of the most popular techniques to determine thickness of planar 

objects. It is essentially a geometrical technique that uses triangles to calculate 

distances. Specifically for surface location applications, triangulation requires 

measuring the deflection of a reflected beam upon change in position of the target 

[87]. Figure 7 illustrates a triangulation setup used by a commercial system 

manufactured by Keyence Inc. [88] 

 

Figure 7: Schematic of a diffuse-reflectance triangulation system [88] 

Triangulation devices can be used for thickness determination when the position of 

one surface of the sample is already known with sufficient accuracy. For instance, 

in case of web-based processes, the position of backing roll might be used as a 

reference for web thickness determination. In situations where a reference position 

cannot be determined, it is necessary to locate both surfaces of the sample 

simultaneously. This can be achieved by using a two-sided measurement system 

that also nullifies the effect of web movement in thickness dimension as an 

additional advantage [86]. Triangulation can be used reliably to measure thick 

webs, in the range of several hundred microns to tens of millimetres but to detect 

Light source 
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smaller features, there is a need to use focused laser beams and special conditions. 

For instance, Khramov et al. [89] reported the minimum measurable thickness of 

plastic films using a 532 nm semiconductor laser to be 230 µm. Peterson et al. [87] 

reported that triangulation sensors could not take measurements from highly 

reflective surfaces due to excessive intensity of reflected light. Smith and Zheng 

[90] also studied measurement error introduced by sensor orientation and specular 

reflectance. Murakami [91] described the development of a novel calibration 

system using a laser interferometer which eliminated nonlinearity errors in laser 

triangulation sensor data. When dealing with multiple optical interfaces, e.g., in 

case of nanocellulose film casting on plastic substrate, correction for refraction 

effects must also be made. These corrections are well-known and have been derived 

from the Snell’s law and basic geometry [92], [93]. 

The second type of sensors work on the principle of optical interference. Both white 

light and laser-based interference sensors work on the principle of interference of 

light waves, as described above under the spectroscopy heading. Interference-based 

techniques are primarily used in single-sided geometry for measuring thin 

transparent films, in the range of 2- 100 µm [94], [95]. However, such systems are 

expensive and high sensitivity of the method to refractive index and light interaction 

properties of film material makes it unsuitable for online thickness measurement. 

Consequently, even when the method is known for many decades, only a handful 

of commercial devices use it. On the contrary, the relatively new confocal 

chromatic method has come into the fore with major players in the sensors industry, 

such as Keyence, OMRON and Micro-Epsilon offering systems based on the 

method. 

Chromatic confocal sensors work on the principle of chromatic aberration. 

Polychromatic light is passed through a series of lenses (see Figure 8), which split 

the light into different constituent wavelengths. These rays of light having different 

wavelengths focus at different focal planes, with longer wavelengths converging at 

a larger distance from the lens than short wavelength. Thus, a polychromatic focal 

line is created whose length defines the measurement range of the sensor. When the 

target is placed at a certain position in the focal line, the reflected signal observes a 

peak in the intensity of the wavelength that corresponds to the distance at which the 

target surface lies from the lens. Hence, the position of the light intensity peak in 

the reflected spectrum defines the distance between the lens (reference plane) and 

the target surface [96]. 
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Figure 8: Schematic of an optical confocal system [97] 

Optical confocal technique works on the principle of locating the physical surfaces 

of the sample and hence, measurements are not affected by the sample composition. 

Moreover, the measurement rate of optical systems is dependent only on the 

response rate of the used photodetectors. Modern systems allow measurement rates 

as high as 50 kHz, thus making them suitable for high-speed online processes. Such 

devices are also relatively inexpensive when compared to thermographic or 

spectroscopic systems. They are not affected by humidity, target conductivity or 

magnetization like capacitive and inductive sensors and they are immune to 

temperature and acoustic variations. They allow a large lift-off that makes their 

placement on machines convenient and keeps the sensors safe in case of web breaks. 

However, a major challenge in designing purely optical systems for thickness 

measurement lies in achieving adequate rigidity in the mechanical framework. 

These systems are highly susceptible to displacement and their operation is often 

realised as a compromise between thickness resolution and vibrational errors. In 

other words, a system designed for delivering high resolution observes a higher 

effect of vibrations. 

Triangulation-based devices can potentially be an excellent choice for measuring 

thick low-reflectivity coatings on rigid substrates like metal, glass, ceramic, 

paperboard, etc. For smaller thicknesses and transparent films, interference-based 

devices are more useful. Confocal chromatic devices are most suitable for 

measuring translucent and opaque films, such as those of microfibrillated cellulose, 

in the range of 1- 2000 µm. 
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In order to assess the suitability of any technique for measuring thickness of 

nanocellulose films or coatings, performance requirements for techniques must be 

stated. Such requirements might vary based on end-use of the films, for example, a 

better accuracy might be required for applications in the electronics industry as 

compared to food packaging industry because tolerance for thickness variation is 

generally lower in the former. Since nanocellulose films and coatings, in the current 

state-of-the-art are prepared using suspensions having consistencies lower than 

10%, a large amount of water is associated with suspensions. Thus, thick wet layers 

need to be deposited to get sufficiently thick dry layers. On one hand, the applied 

wet film thickness is beyond the measurement range of techniques such as, 

inductive sensing, beta-ray, and tomography. On the other hand, the low thickness 

of dry nanocellulose films could pose a challenge to techniques such as capacitive 

sensing. Techniques which offer a wide measurement range, are flexible with 

measurement geometry, and are accurate for a number of nanocellulose grades are 

suitable to be used for research purposes. Hence, in the current work, NIR 

spectroscopy, IR thermography and optical confocal displacement sensing were 

identified as techniques which fulfil the abovementioned requirements and were 

selected to be tested. 
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3. Materials and Methods 
 

3.1  Materials 

3.1.1 Film materials 
The coating formulations used in the study were aqueous suspensions of 

nanocellulose fibers containing two additives viz. D-Sorbitol and polyvinyl alcohol 

(PVA). Two types of nanocellulosic materials were used, namely, MFC and CNF. 

The MFC was supplied by Borregaard (Exilva F 01-V) at 10% consistency and was 

dispersed in distilled water using a Minibatch Type 20 mixer (Diaf Pilvad Aps) to 

reach a consistency of 3%, before the addition of additives. The CNF was produced 

using TEMPO-oxidation of bleached Kraft pulp fibers and supplied by Empa, 

Switzerland and was supplied at 1.2% consistency. Both, MFC and CNF were 

delivered as aqueous suspensions and subsequently, all required dilutions were 

made using distilled water. D-Sorbitol was obtained from Sigma Aldrich, Finland 

Oy with more than 99% purity. PVA was procured from Kuraray Europe GmbH, 

Germany (trade name POVAL 6-98) with 98-98.8 mol% degree of hydrolysis. In 

total, two nanocellulosic formulations were developed and used throughout the 

study. Both formulations contained the same type and amount of additives but one 

formulation contained MFC and the other contained CNF. Table 2 shows the 

recipes, and Figure 9 shows the appearance of both formulations. In further 

discussion, the terms MFC and CNF denote the formulations based on the same 

materials respectively. 

Table 2: Recipes for coating formulations for MFC (left) and CNF (right) 

 

 

Figure 9: MFC (left) and CNF (right) formulations 
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3.1.2 Substrates 
Three types of substrates were used in the study: a plastic, a polymer membrane, 

and a metal. The plastic substrate was chosen to be biaxially oriented polypropylene 

(BOPP) having a nominal thickness of 50 µm and was procured from Suomen 

Pakkausmateriaalit Oy, Finland. The polymer membrane used in the work was a 

commercial polyether sulfone (PES) membrane (nominal pore size: 0.8 µm, type: 

15404) with thickness of 145 µm supplied by Sartorius Stedim Biotech GmbH, 

Germany. The metal substrate was selected to be a 1 mm thick (nominal) temper-

rolled 304 stainless steel, obtained from Outokumpu Oyj, Finland, cut into A4 size 

sheets. The steel and the membrane were used for coatings directly but the plastic 

was treated with a plasma module (Vetaphone Corona Plus) while using a 2 kW 

generator and a mixture of argon and nitrogen gas in the 20:80 ratio. 

3.2  Coating method 
Laboratory coatings were made using a benchtop film applicator manufactured by 

Erichsen GmbH, Germany. The metering of the coatings was done using rigid 

knives supplied along with the coating device. The film application was performed 

at a constant draw speed of 3 m/min throughout the study for the ease of comparison 

of results. Three different knife gaps were chosen for lab-scale coatings viz., 700, 

500, and 300 µm, in order to test the accuracy of the thickness measurement systems 

in a relevant range. A different set of knife gaps i.e. 700, 300, and 100 µm was used 

only in the case of NIR spectroscopic measurements in order to test the efficacy of 

the NIR system in measuring small thicknesses. The two variables: draw speed and 

knife gap, can be used to calculate the shear rate under the knife during film 

formation using the following equation: 

�̇� =
𝑣

𝑧
 

where, 𝛾̇ = shear rate (1/s), 𝑣 = draw speed (m/s), and 𝑧 = knife gap (m). 

Since nanocellulose flow behaviour is highly dependent on the applied shear rate, 

fixing the draw speed and knife gap allows the shear rate under the knife to be 

constant for a given gap throughout the study. This allows easy comparison between 

samples created at different time, since the applied wet film thicknesses for the same 

gap does not vary theoretically. The schematic of the coating method is shown in 

Figure 10. After coating, the samples were dried in an oven at 80 °C for 20 minutes 

and then kept overnight in a climate controlled room at 23°C and 50% RH. Three 

parallel samples of each type were prepared. 
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Figure 10: Schematic of the laboratory coating setup. 

 

3.3 Characterization 

3.3.1 Wet film thickness 
The wet film thickness measurement was the most vital characterization in the 

entire study and was done using various methods, in order to compare the results. 

The indicative reference thickness values were estimated using comb-type wet film 

gauges procured from TQC Sheen as described in ISO 2808:2007. Measured values 

from the contact-method were then compared with the non-contact method 

measurements. Three different non-contact methods were used in the study, 

namely, NIR spectroscopy, IR thermography, and optical confocal displacement 

sensing. All three methodologies for the non-contact measurements are described 

below. 

NIR Spectroscopy 

The FTNIR spectrometer system was manufactured by iRed Infrarot GmbH, 

Austria and was installed at the pilot facilities of Berndorf Band GmbH in Berndorf, 

Austria. The measurements from this system were taken at the facilities of Berndorf 

Band GmbH. Coatings were prepared using the abovementioned drawdown method 

and the samples were then manually placed over a moving steel belt. The steel belt 

was moving at a constant speed of 0.15 m/min and that allowed 20 minutes of 

drying time. Measurements on wet films were taken by the first optical sensor and 

then the sample moved into the drying tunnel. When the dried samples exited the 

tunnel, dry-end thickness measurements were taken by the second optical sensor.  

The measurement sensor consisted of a light source and a detector. The reflected 

signal from the sample was transmitted via a fibre optic cable to a multiplexer and 

onwards to a processor, where the signal was used to generate an absorption 

spectrum. Figure 11 schematically illustrates the overall operation of the system. 
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Figure 11: Schematic description of online operation of the FTNIR spectroscopic 

system. 

It is important to note here that since the solids content of both the formulations was 

less than 2%, it was assumed that the wet film was composed totally of water. This 

assumption neglects the presence of other components of the film for thickness 

evaluation. Therefore, the spectrum peaks corresponding to water absorption 

wavenumbers, i.e. 5260, 6880 and 8330 cm-1 were identified, and the area under the 

peak was correlated to film thickness. The exact correlation algorithm is an 

intellectual property of the manufacturer and was not disclosed. The measurement 

parameters used in the study can be found in Table 3.  

Table 3: Measurement parameters for FTNIR measurements 

Measurement mode Reflection 

Spot diameter (mm) 25 

Measurement distance (mm) 100 

Measurement duration (s) 2 

Wavenumber range (cm-1) 4000-10000 

Resolution (cm-1) 3.7 

 

IR Thermography 

An infrared-responsive thermographic measurement system manufactured by 

Winterthur Instruments AG, Switzerland was used to determine the film thickness. 

The system worked in the active mode, implying that the sample was heated using 

external radiation and subsequently, the resultant IR radiation from the sample was 

measured. The measurement assembly consisted of a high-intensity halogen lamp 

that produced pulses of light energy in the range of 500-2000 J. The light energy 

from the source was directed to the sample using an annular opening that ensured 

homogenous sample heating in the measurement area. Photodetectors were 

positioned in the centre of the lens to enable vertical alignment with the heated area 

of the sample. Surface temperature of the sample was monitored continuously, and 
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the rate of cooling of the sample was correlated to the sample thickness. Figure 12 

depicts the measurement assembly and principle schematically. 

 

Figure 12: Schematic of the IR thermographic method. 

All measurements using this system were performed inside a closed metal cage in 

order to prevent interference from external light sources and to protect the user from 

bright flashes during measurement. The measurement parameters used in the study 

can be found in Table 4.  

While measuring MFC films, a very low SNR (30-40) was observed and hence, an 

optical reflection amplifier (ORA) was installed over the lens of the device. The 

ORA was a conical-shaped accessory which had a highly reflective inner surface 

which collected stray radiation and guided it to the IR detector. A higher signal 

intensity and SNR were observed after the installation of the ORA. Measurements 

were taken at five different spots on each sample for a duration of 60 seconds on 

each spot. Before using a new type of sample, the device was calibrated with two-

point method, i.e. with two samples of known thickness. 

Table 4: Measurement parameters for IR thermographic measurements 

Measurement mode Active pulsed 

Spot diameter (mm) 22 

Measurement distance (mm) 110 

Measurement duration (ms) 20-200 

Light energy (J) 1000-2000 

 

Theoretically, thermographic measurements are not very sensitive to changing lift-

off if the measurement SNR is maintained at a sufficient level. Nonetheless, for 

studying the effect of changing lift-off systematically, wet films drawn using 

500 µm knife gap were used. The focal length of the lens used to converge incident 

radiation onto the sample was 135 mm, and the diameter of the lens was 120 mm. 

Hence, the spot size was derived to be only a function of the lift-off. The following 

equation relates the spot size to the lift-off: 

𝑠 =
𝑑. (𝑓 − 𝑧)

𝑓
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where, 𝑠 = measurement spot size, 𝑑 = lens diameter, 𝑓 = focal length of the 

converging lens, and 𝑧 = lift-off from the sample surface. 

Optical Confocal Displacement Sensing  

An optical confocal measurement system was procured from Micro-Epsilon 

Messtechnik GmbH, Germany. The system consisted of two sensors connected to 

a signal processor via fiber optic cables. The processor was further connected to a 

computer via an Ethernet cable for control and data collection. All measurements 

were made in a two-sided geometry where the sensors were placed parallel and 

equidistant from the sample, on opposite sides. The system measured the distance 

of the sample from each sensor and calculated the thickness of the sample by 

subtracting the sum of the two distances from the total separation between the 

sensors. 

 

Figure 13: The experimental setups used for optical confocal measurements. For 

metal substrate (left) and for plastic and membrane (right). 

Measurements were taken at five different spots on each sample for a duration of 

60 seconds on each spot. An average value and standard deviation were calculated 

from the data and reported. The device was factory calibrated and did not require 

recalibration in case of changing film or substrate material. 

Table 5: Measurement parameters for optical confocal measurements 

Measurement mode Reflection 

Spot diameter (mm) 1-1.2 

Measurement distance (mm) 65 

Measurement duration (s) 60 

Measurement rate (Hz) 1000 

 



Aayush Kumar Jaiswal 

38 

 

3.3.2 Dry film thickness 
Dry film thickness (DFT) measurements were performed using three different 

methods. The reason behind using multiple methods was the varying adhesion of 

dry nanocellulose films to different substrates. Higher adhesion made separation of 

dry films from substrates more difficult, while in the case of lower adhesion, films 

were peeled easily from the substrates. Therefore, in cases where the dry film could 

be separated undamaged, the film thickness was measured using an L&W 

micrometer (TAPPI T 411). On the other hand, if the separation of film and 

substrate was not possible, the thickness of coated and uncoated parts of the 

substrate were measured and their difference was considered as the film thickness. 

For films on the metal substrate, it was not possible to use a micrometer to take 

readings from all over coated area due to large size of the samples. Therefore, an 

inductive thickness measurement gauge Elcometer 456 Top, supplied by Elcometer 

Instruments Ltd., U.K., was used to measure film thickness on the metallic 

substrate. Table 6 lists the characterization method used for each combination of 

film material and substrate used in the study. All samples were conditioned at 23°C 

and 50 % relative humidity for at least 24 hours before taking any thickness 

measurements, in order to minimize any effect of moisture on the final results. 

Thickness was measured at ten spatially different points for each sample for 

observing variations. All three non-contact methods described above were also used 

for measuring dry film thickness of the samples using the same procedure. 

Table 6: Dry film thickness characterization methods 

Film Material Substrate Dry film characterization method 

CNF Plastic Micrometer 

CNF Membrane Micrometer; on peeled film 

CNF Steel Inductive 

MFC Plastic Micrometer 

MFC Membrane Micrometer; on peeled film 

MFC Steel Inductive 

 

3.3.3 Other characterization 
All rheology measurements were performed on a stress-controlled rotational 

rheometer (Paar Physica MCR 301), manufactured by Anton Paar GmbH, Austria. 

Parallel plate geometry was used (50 mm plate diameter) at 1 mm plate gap to 

obtain data for both, shear flow and viscoelasticity curves. For all measurements, 

samples were pre-sheared at 100 s-1 for one minute and were then left idle for two 

minutes before starting the final measurements, a protocol suggested by  Naderi et 

al. [98] and Kumar et al. [99]. This protocol ensures homogeneity in the sample. 

For shear flow measurements, shear rate range of 1-1000 s-1 was chosen for both 

nanocellulose recipes and ten seconds measurement time was allowed for each data 

point. For viscoelasticity curves, the linear viscoelastic (LVE) region was identified 

by conducting oscillatory strain sweep tests in the strain range of 0.01-100 % at a 

constant frequency of 10 Hz. Subsequently, frequency sweeps were performed in a 

frequency range of 0.1–100 Hz, while keeping the strain fixed at 0.5 %, i.e. within 

the LVE region. Measurement time was 10 seconds per point in both types of 
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viscoelastic measurements. All samples were brought to a constant temperature of 

23°C before any measurements were made. 

Black coloured backgrounds for IR thermographic measurements were prepared by 

printing RGB (0,0,0) on 100 gsm Mondi Colour Copy paper using a commercial 

Canon ImageRunner Advanced C5250i printer. To characterize the printed colour, 

colour measurements were made using a Datacolor ELREPHO spectrophotometer 

using a daylight (D65) type illuminant at 10° angle of incidence to the sample. 
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4. Results and Discussion 

4.1 Rheology 
Rheology of the film material plays a vital role in all coating processes and a 

sufficient understanding of flow behaviour is needed to ensure uniform defect-free 

coatings. In regard to nanocellulose suspensions, they have been shown to exhibit 

a high yield stress and a highly shear-thinning behaviour. Even at low consistencies, 

nanocellulose suspensions exhibit a high zero-shear viscosity. Rheology 

measurements were done on both coating formulations in order to determine the 

apparent viscosity of the suspensions during coating. Using a drawdown coater 

speed of 3 m/min, the shear rates at knife gaps of 700, 500 and 300 µm were 

approximately 71, 100 and 167 s-1, respectively. 

Figure 14 shows the highly shear thinning behaviour of both formulations and 

indicates the apparent viscosity of the suspensions in the applied shear rate range. 

It can be observed from the figure that the shear flow curve for CNF starts at a lower 

value than that of MFC and that happened since the CNF suspension was at a lower 

consistency (1.5% as compared to 2% for MFC). Additionally, a ‘kink’ observed in 

the MFC curve at ca. 10 s-1 is a prominent feature of MFC shear flow curves. 

Karppinen et al. [100] imaged the flow of MFC suspensions and showed that soft 

fibrillar flocs are present in the suspensions at low shear rates. As the shearing 

increases, the flocs grow in size and thus, offer a greater resistance to the flow, 

leading to the plateau in the flow curve. With further increase in shearing, the flocs 

are broken and fibrils get aligned with flow streamlines, causing a decrease in 

viscosity subsequent to the plateau region. The power law index for the MFC curve 

was 0.31, when calculated after the plateau region, i.e. 20 s-1. The power law index 

for CNF was calculated to be 0.14, indicating higher shear-thinning in the CNF 

formulation as compared to the MFC formulation. 

 

Figure 14: Shear flow behaviour of MFC and CNF formulations. 

In addition to shear flow, viscoelastic behaviour of the formulations was also 

studied. Amplitude sweeps for both formulations are shown in Figure 15 which 
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helps in the determination of the LVE. Additionally, the gel-like structure of both 

formulations can be observed as the storage modulus (G′) is higher than the loss 

modulus (G′′) in each case. From Figure 16, we can note that the CNF suspension 

has more pronounced gel-like structure as compared to the MFC suspension, as the 

phase angle is lower. This behaviour can be attributed to the nanosize fibrils present 

in the CNF suspension which swell more than microsize MFC fibrils. 

 

 

Figure 15: Amplitude sweep for CNF and MFC. 

 

Figure 16: Frequency sweep for CNF and MFC. 
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4.2 Offline measurements 
Reference samples of dry films were prepared once and used for comparison of 

measurement data from the three non-contact techniques. On the contrary, wet film 

samples were prepared each time before measurements, since the studied 

measurement systems were not available to be used parallely. The dry film 

thickness (DFT) of samples measured with the contact methods is tabulated in 

Table 7, and these values have been treated as reference values for comparison with 

non-contact methods. It can be seen that DFT for CNF formulations on same 

substrate and same gap, is lower than that of MFC suspensions. This is explained 

by the lower consistency of the CNF suspension than that of the MFC suspension. 

Table 7: DFT using contact methods 

Film 

Material 

Substrate Knife gap 

used (µm) 

Thickness 

(µm) 

 

 

 

 

CNF 

Steel 700 7.1 ± 1.4 

Steel 500 4.2 ± 1.2 

Steel 300 2.8 ± 0.9 

Membrane 700 11.4 ± 0.8 

Membrane 500 3.6 ± 1    

Membrane 300 2 ± 1.8 

Plastic 700 6.2 ± 1.3 

Plastic 500 4.6 ± 1.2 

Plastic 300 3.6 ± 0.5 

    

 

 

 

 

 

MFC 

Steel 700 14 ± 1.4 

Steel 500 11.6 ± 0.5 

Steel 300 8.4 ± 0.8 

Membrane 700  18.4 ± 1 

Membrane 500    15 ± 0.6 

Membrane 300 9.2 ± 2.8 

Plastic 700 17.8 ± 0.7 

Plastic 500 15.4 ± 0.5 

Plastic 300 7.6 ± 1 

 

Wet film thickness (WFT) of all sample types determined from contact method 

(comb-type gauges) is listed in the table below. It can be seen from Table 8 that the 

WFT on membrane is the lowest among all substrates for both formulations. This 

is observed because membrane is the only porous substrate among the three and 

absorbs a portion of the film material. 
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Table 8: WFT using contact method 

Film 

Material 

Substrate Knife gap 

used (µm) 

Thickness 

(µm) 

 

 

 

 

CNF 

Steel 700 550 

Steel 500 380 

Steel 300 120 

Membrane 700 250 

Membrane 500 225 

Membrane 300 50 

Plastic 700 600 

Plastic 500 470 

Plastic 300 280 

    

 

 

 

 

 

MFC 

Steel 700 550 

Steel 500 450 

Steel 300 240 

Membrane 700 520 

Membrane 500 380 

Membrane 300 180 

Plastic 700 650 

    Plastic 500 470 

Plastic 300 260 

 

4.3  Non-contact measurements and data validation 
 

Three techniques were used for non-contact thickness measurements. Performance 

of the techniques was evaluated by calculating the absolute and relative error in the 

measurement for each sample. The calculated values for errors can be found in the 

appendix. Additionally, the measurement data from each technique was used to 

calculate the root mean square (RMS) error for both wet and dry film 

measurements. In further discussions, the measurements taken using contact and 

non-contact methods are denoted by adding letters ‘C’ and ‘NC’ to the sample 

names. If the text is being read from a black and white or a greyscale print, the 

graphs in the further text can be read by following the histogram for each knife gap 

from left to right. The legend is marked in the same order for each figure. 
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NIR Spectroscopy 
For NIR spectroscopic measurements, a different set of knife gaps was used, i.e. 

700, 300, and 100 µm, as compared to the other two techniques. The third data point 

was chosen to be 100 µm for these measurements in order to test the accuracy of 

the system to measure thin films. Figure 17 shows the comparison between the 

thicknesses obtained from contact and non-contact methods. Non-contact thickness 

data for film formed at 100 µm gap on plastic is not available because the system 

was not able to measure the thickness of these films. Nonetheless, a more 

informative observation is that the measurement error is the highest for films casted 

on the membrane. Since the membrane absorbs water and the device measures 

thickness based on water content, the device fails to identify the location of the 

substrate. This implies that a difference in IR absorption spectra must be observed 

at the physical boundary between the film and the substrate in order to accurately 

determine film thickness. 

Based on this inference, it can be expected that erroneous measurements would be 

observed on all substrates that absorb the film material if corrections for the amount 

of absorbed film material are not made. For instance, measurements made on 

nanocellulose coatings on paperboard are expected to be inaccurate. Since the 

thickness calculation model of the system is based on measuring water content in 

the film, it was expected that the model would not be accurate at low water contents, 

i.e. for dry films. Figure 18 confirms this as we can observe that the measured 

thickness values using non-contact method are much higher than the actual values. 

Additionally, the instrument did not generate any thickness response for dry films 

on steel and plastic and the response generated on membrane could possibly be an 

error. This information suggests that an evaluation model based on the 

concentration of some other species, such as cellulose, could be more accurate for 

DFT measurements. 

 

Figure 17: WFT measurements for CNF using NIR spectroscopy. 
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Figure 18: DFT measurements for CNF using NIR spectroscopy. 

A similar trend was observed while using MFC as the film material. The non-

contact technique showed higher thickness than the actual value for all cases except 

for films made at 300 µm gap on plastic substrate (Figure 19). However, Figure 20 

shows that for dry MFC films, the trend is similar to the one observed for dry CNF 

films, with no exception. It can be noted that films prepared using all the knife gaps 

could be measured in the case of MFC. This might have been possible due to a 

thicker film deposition due a relatively higher viscosity and solids content of the 

MFC formulation as compared to the CNF formulation. 

 

Figure 19: WFT measurements for MFC using NIR spectroscopy. 
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Figure 20: DFT measurements for MFC using NIR spectroscopy. 

Based on the above data, it can be concluded that the measurement technique is 

independent of the colour of the film material. Chemically similar substances are 

measured in a similar manner and that could be beneficial in certain cases, such as 

formulations containing a variety of nanocelluloses. However, the results are highly 

dependent on the evaluation model. The general accuracy of the technique was poor 

and the RMS error for wet CNF films was 164 µm and for dry films, the value was 

25 µm. For MFC, the RMS error values were 95 and 38 µm for wet and dry films, 

respectively. These errors are large and make the NIR spectroscopy method, used 

in the manner as described in the current work, unsuitable for precise quality 

control. However, improvements in the evaluation model might reduce the errors 

and the technique can be made suitable for precise measurements on rigid, non-

absorbing substrates. 

IR Thermography 
 

IR thermography was the second technique to be studied. The measurement system 

was studied using samples prepared using knife gaps of 700, 500, and 300 µm. The 

performance of the thermographic system was found to be better as compared to 

the spectroscopic system. Figure 21 shows that the measurements were quite 

accurate for wet CNF films on steel at 500 and 300 µm gaps. A reasonable accuracy 

can also be observed for films on plastic at 700 and 500 µm gaps and on membrane 

at 300 µm gap. The results do not appear to follow any general trend. 
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Figure 21: WFT measurements for CNF using IR thermography 

Figure 22 shows the results for dry films where the proportional decrease in the 

thickness of films upon drying is observed. However, the magnitude of error for 

films on membrane is particularly noteworthy. The non-contact method gauges the 

thickness on membrane to be much higher than the actual value. This error might 

have occurred due to two reasons. Firstly, the dry adhesion between CNF and 

membrane was not good and the films got detached from the membrane surface 

upon drying. During measurements, care was taken to test only the samples in 

which the film stayed attached to the substrate but air might have entered between 

the film and membrane. In the presence of air, heat transfer dynamics in the system 

is disturbed and the cooling curve in the output signal starts to differ from the 

calibration curve. Secondly, the membrane is white in colour and the system 

registers a low SNR for white targets, possibly leading to incoherent results. 

 

 

Figure 22: DFT measurements for CNF using IR thermography 
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From Figure 23, it can be observed that the measurement accuracy decreases with 

decreasing film thickness in case of films on plastic and the opposite happens in 

case of steel. Since steel has a high thermal diffusivity, it absorbs and radiates heat 

at a faster rate than water. The presence of essentially a water film over the steel 

surface retards the rate of cooling, hence lowering the intensity of the collected IR 

radiation. Thus, as the amount of film material on the steel surface reduces, the 

better the accuracy of measurement becomes. On the other hand, plastics respond 

slower to thermal effects than water and hence, the decreasing amount of water 

retards the thermal response further to result in a poor measurement accuracy. 

 

Figure 23: WFT measurements for MFC using IR thermography 

Figure 24 shows large errors as the SNR in these measurements was very low even 

after the installation of ORA. The reason behind this is the same as described for 

Figure 22. 

 

Figure 24: DFT measurements for MFC using IR thermography 

 

0

100

200

300

400

500

600

700

C
o

at
in

g 
Th

ic
kn

es
s 

(µ
m

)

Steel C Steel NC Memb C Memb NC Plas C Plas NC
300 µm gap

0

5

10

15

20

25

30

C
o

at
in

g 
Th

ic
kn

es
s 

(µ
m

)

Steel C Steel NC Memb C Memb NC Plas C Plas NC
700 µm gap 500 µm gap 300 µm gap

500 µm gap 700 µm gap 



Aayush Kumar Jaiswal 

49 

 

The ORA was used primarily to study MFC films since the SNR was much lower 

than in case of CNF films in general. However, in certain cases the ORA was used 

for CNF films as well. To study the efficacy of the ORA, films were prepared using 

a knife gap of 500 µm on all three substrates and the SNR values were recorded 

with and without ORA. It can be observed from Figure 25 and Figure 26 that SNR 

increases for each combination of film and substrate, both in wet and dry state. An 

interesting result from this experiment was that the average increase in SNR was 

more for dry films as compared to wet films. This implies that a larger portion of 

radiation from the samples was being left undetected in case of dry films. Since the 

ORA just acts as a radiation collector, samples which allow a smaller portion of 

incident energy to travel radially in the sample, should allow a higher increase in 

SNR. Cellulose has an extremely low thermal conductivity (0.0035 W/m.K at 10°C) 

as compared to water (0.578 W/m.K at 10°C) and thus, dry films which can be 

assumed to consist totally of cellulose, conduct less heat in the radial direction. 

Thus, a higher elevation in SNR is observed in dry films as compared to the wet 

ones, which are mainly composed of water.  

 

Figure 25: Effect of ORA on SNR for wet films 

 

Figure 26: Effect of ORA on SNR for dry films 
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The performance of the device was sensitive to both optical and thermal properties 

of the target. During calibration, the thermal properties are measured and stored by 

the device, but the effect of optical properties is not taken into account as it is 

considered negligible. Hence, the effect of changing background colour was 

studied, but it was possible only with a transparent substrate, i.e. plastic in the 

current study. A black background (BBG) and a white background (WBG) were 

used in the study where the positions of the colours on the CIELAB space were 

(21.13, -0.01, -0.79) and (94.71, 3.45, -14.67), respectively. Figure 27 shows that 

using a BBG allows a SNR value an order of magnitude greater than that in case of 

using WBG. Also, dry films allow a higher SNR due to lower reflection from the 

sample in absence of water in the films. 

 

Figure 27: Effect of changing background colour on SNR 

For studying the effect of changing lift-off on measurement SNR, the lift-off range 

of 80-180 mm was used. Figure 28 illustrates that spot size follows a linear 

relationship with lift-off, and the curve is symmetric around the focal point, i.e. 

135 mm. Additionally, the figures also show that for all substrates, SNR gradually 

decreases with increasing distance between the sample and the detector. This result 

was expected since intensity of electromagnetic radiation follows an inverse square 

relationship with distance, and the detector receives a lower signal amplitude. An 

interesting observation is that for membrane and plastic substrates, CNF exhibits a 

higher SNR than MFC but for steel, the opposite holds true. A reason behind this 

might be that since the wet films were glossy and the lift-off was much lower than 

the focal length, the effect of colour of film material was dominated by reflection 

from the film surface. 
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Figure 28: Effect of changing lift-off on SNR and measurement spot size. 

 

 

 

 

 

0

20

40

60

0

100

200

80 100 120 140 160 180

Sp
o

t size (m
m

)

SN
R

Lift-off (mm)

Steel

MFC CNF Spot Size

0

20

40

60

0

100

200

300

400

80 100 120 140 160 180

Sp
o

t size (m
m

)

SN
R

Lift-off (mm)

Membrane

MFC CNF Spot Size

0

20

40

60

0

100

200

80 100 120 140 160 180

Sp
o

t size (m
m

)

SN
R

Lift-off (mm)

Plastic

MFC CNF Spot Size



Aayush Kumar Jaiswal 

52 

 

Optical Confocal Displacement Sensing 
 

The third and last technique to be tested was optical confocal displacement sensing. 

As the earlier two methods were based on mathematical evaluation of the output 

signals to calculate thickness, the third method was chosen to be more direct, i.e. 

primarily measuring distances. Optical confocal method is a relatively new 

technique in the market dominated by laser-based methods. Laser-based methods 

are unable to measure small displacements using low-intensity lasers (typically less 

than 5 mW) and the use of high-intensity lasers is not recommended in order to 

protect the product from damage. Optical confocal devices use low-intensity white 

light and can detect displacements even in the sub-micron range. Therefore, the 

optical confocal method was chosen. 

The confocal method also faced the obstacle typically associated with purely optical 

methods, i.e. inability to measure transparent targets. This is evident from Figure 

29 where the non-contact method failed to identify the position of the top surface 

of the liquid film. The reflected signal is then either obtained directly from the 

surface of the substrate or from a ‘pseudo-surface’ that the device incorrectly 

detects. For instance, in case of CNF films on plastic substrate, the device detects a 

pseudo-surface above the film-substrate interface. Such errors occur due to 

refraction of light upon entering the transparent film material. The non-contact 

measurement values in Figure 30 may also be considered erroneous due to the same 

reason. However, the device has not been designed to measure transparent targets 

and such performance was expected. 

 

 

Figure 29: WFT measurements for CNF using optical confocal system  
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Figure 30: DFT measurements for CNF using optical confocal system 

The actual performance assessment of the confocal system was done using MFC. 

The film material in this case was not transparent and can be considered as optically 

opaque. This property can be explained by high backscattering of incident light 

caused by fibrils. Thus, the device is able to determine the position of the top surface 

of the film relative to the bottom side of the substrate. Therefore, calibrating the 

system against the thickness of the substrate allowed the determination of film 

thickness. Figure 31 confirms the expected performance from the system, and the 

best performance among all methods was obtained from the system. The device was 

able to measure wet films with a good accuracy on all substrates and at all knife 

gaps. Figure 32 shows that the confocal system is able to accurately measure even 

small thicknesses. Marginal errors observed in case of dry films are due to 

translucent nature of MFC films, however, the magnitude of errors is within an 

acceptable margin. 

 

Figure 31: WFT measurements for MFC using optical confocal system 
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Figure 32:  DFT measurements for MFC using optical confocal system 

 

Comparison of techniques 
 

Comparison of the three techniques can be made quantitatively by comparing the 

accuracy while measuring the thickness of nanocellulose films and coatings. Table 

9 lists the RMS errors for all wet films, wet films of CNF, and wet films of MFC. 

Comparison of errors individually for CNF and MFC allows making decisions 

specifically for the materials and the overall error allows assessment of the 

technique for wet nanocellulose coatings in general. The same idea is also followed 

in Table 10. It is notable that the optical confocal method produced the most 

accurate measurements among the three techniques for MFC, both in dry and wet 

state. Whereas, for wet CNF films, IR thermography was the most accurate 

technique. For dry CNF films, both thermography and confocal methods appear to 

produce low errors but the performance of the confocal method remains dubious 

due to the pseudo surface effect explained in the above section. 

Table 9: RMS errors for wet film measurements (all values in micrometers) 

          Material 

 

Technique 

All wet films CNF MFC 

NIR 

Spectroscopy 
130.06 164.23 95.36 

IR 

Thermography 
126.65 84.71 157.81 

Optical Confocal 

Displacement 

Sensing 

234.13 328.86 38.55 
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Table 10: RMS errors for dry film measurements (all values in micrometers) 

          Material 

 

Technique 

All dry films CNF MFC 

NIR 

Spectroscopy 
33.34 24.80 38.55 

IR 

Thermography 
6.95 5.98 7.81 

Optical Confocal 

Displacement 

Sensing 

3.51 3.10 3.89 
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5. Conclusions 
 

In this work, non-contact measurements of coating thickness for nanocellulose-

based films and coatings were performed. Two different types of nanocellulosic 

materials, namely, microfibrillated cellulose (MFC) and cellulose nanofibrils 

(CNF) were used. Three non-contact methods, viz. NIR spectroscopy, IR 

thermography, and optical confocal displacement sensing were used to measure 

thickness of nanocellulose coatings, both in dry and wet state. The results were then 

compared with those from contact measurements to calculate the accuracy and 

error. Moreover, the measurement results were analysed closely and reasons behind 

certain behaviour of instruments were explored.  

NIR spectroscopy proved to be unsuitable for measuring thickness of nanocellulose 

films. The performance of the technique was highly dependent on mathematical 

models and assumptions used for deriving the thickness value from the measured 

parameter. Since the technique was based on measurement of amount of water in 

the film, any fluctuations in the homogeneity of the film formation reflected directly 

in the coating thickness value. Additionally, formulations with poor water retention 

might pose a challenge to proper measurements as the instrument would measure 

the thickness of only the separated water layer. FTNIR hardware technology is quite 

mature, but room for development exists on the software side. The measurement 

optics were compact in size and could be integrated easily in an online process. A 

single data processor could be utilized to analyse signals from multiple sensors 

through fiber optic cables, lowering the overall cost of the measurement system. 

Furthermore, measurements were not affected by vibrations of the production line 

or fluttering of the target substrate. 

The biggest advantage of using NIR spectroscopy is that it offers more than one 

utility. The device can be used to analyse the chemical composition of both the 

coating and the substrate. For instance, homogeneity of the film material can be 

assessed in-process. It can also be used to monitor the moisture content of the film. 

Finally, the same device can analyse thickness of the films. Although the thickness 

measurements were observed not to be accurate in the current work, developments 

in the future regarding improved calculation models can help this technique become 

a multi-purpose offering for industrial coatings. 

IR thermography is a novel and interesting technique, but it did not perform 

satisfactorily. Measurements were highly sensitive to colour of the target materials 

and the device calibration using two-point method took a long time. The device was 

bulky and its installation on industrial machines could be a challenge. In addition, 

a light shade needs to be installed along with the device due to a periodic emission 

of bright flashes of light during measurements. The measurement rate was low with 

only one measurement possible every four seconds when using the highest possible 

excitation energy, i.e. 2000 J. The device proved to work poorly for MFC films and 

produced the best results when used to measure CNF films on steel substrate. The 

performance for CNF films on membrane was also good. 
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Optical confocal displacement sensors are designed exclusively to measure 

miniscule displacements of opaque objects. The technique directly measures the 

dimensions of the target independent of any evaluation models. The utilization of 

optical confocal displacement sensors as a thickness measurement device proved to 

be highly successful for MFC films but it performed extremely poorly for CNF 

films. Accurate results were obtained while measuring wet MFC films on steel and 

plastic. The system was fairly simple to use and just involved plug-and-play. The 

measurement optics were compact and could be installed even in tight spaces in the 

process. This system is less expensive in comparison to the other two techniques. 

On the other hand, the drawbacks of the technique include its inability to measure 

transparent targets, its high sensitivity to vibrations on the machine or the web, and 

its small measurement range (0-3 mm). 

The optical confocal technique worked with the best accuracy in the current work, 

but that does not limit the utilization of other techniques for nanocellulose film 

thickness measurements. Suitability of a technique for in-process measurements 

depends on a variety of factors, such as cost, desired accuracy, space restrictions, 

process speed, ambient conditions in the process, operational simplicity, etc. and 

there cannot be a single device which can fulfil all the requirements. Therefore, a 

combination of multiple techniques could potentially be used to create a robust 

online control system equipped with feedback loops. Multiple devices could be 

used to validate or correct the performance of each other or to be used specifically 

in certain process conditions. As more and more applications of nanocellulose are 

being developed and the market gears up for accepting nanocellulose-based 

products in daily life, it is expected that the need for process control systems for 

nanocellulosic materials will arise in the near future. The introduction of 

nanocellulose-based films and coatings in industrial processes is imminent, and the 

current work aims to accelerate the adoption of nanocellulose in such applications. 
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7. Appendices 
 

Appendix A 
 

Table A- 1: Error in measurements for wet coatings using NIR spectroscopy 

Film 

Material 

Substrate Knife gap used (µm) Absolute 

Error (µm) 

Error (%) 

 

 

 

 

CNF 

Steel 700 -178 32 

Steel 300 44 22 

Steel 100 N/A N/A 

Membrane 700 116 18 

Membrane 300 -151 76 

Membrane 100 -325 650 

Plastic 700 -85 15 

Plastic 300 78 28 

Plastic 100 N/A N/A 

     

 

 

 

 

 

MFC 

Steel 700 -114 21 

Steel 300 -46 23 

Steel 100 -44 147 

Membrane 700 -64 10 

Membrane 300 -220 110 

Membrane 100 -22 55 

Plastic 700 -71 13 

Plastic 300 79 29 

Plastic 100 -23 92 

 

 

 



Aayush Kumar Jaiswal 

67 

 

 

Table A- 2: Error in measurements for dry coatings using NIR spectroscopy 

Film 

Material 

Substrate Knife gap used 

(µm) 

Absolute 

Error (µm) 

Error (%) 

 

 

 

 

CNF 

Steel 700 -19 158 

Steel 300 -33 471 

Steel 100 N/A N/A 

Membrane 700 -26 236 

Membrane 300 -29 725 

Membrane 100 -32 1600 

Plastic 700 -17 283 

Plastic 300 5 100 

Plastic 100 N/A N/A 

     

 

 

 

 

 

MFC 

Steel 700 -17 121 

Steel 300 -28 245 

Steel 100 -48 567 

Membrane 700 -54 245 

Membrane 300 -30 250 

Membrane 100 -37 617 

Plastic 700 -48 253 

Plastic 300 -37 463 

Plastic 100 -34 567 
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Table A- 3: Error in measurements for wet coatings using IR thermography 

Film 

Material 

Substrate Knife gap used 

(µm) 

Absolute 

Error (µm) 

Error (%) 

 

 

 

 

CNF 

Steel 700 147 27 

Steel 500 -6 2 

Steel 300 4 3 

Membrane 700 66 26 

Membrane 500 -157 70 

Membrane 300 5 10 

Plastic 700 28 5 

Plastic 500 -43 9 

Plastic 300 -106 38 

     

 

 

 

 

 

MFC 

Steel 700 -114 21 

Steel 500 -37 8 

Steel 300 -50 21 

Membrane 700 15 3 

Membrane 500 -233 61 

Membrane 300 -140 78 

Plastic 700 -43 7 

Plastic 500 -230 49 

Plastic 300 -280 108 
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Table A- 4: Error in measurements for dry coatings using IR thermography 

Film 

Material 

Substrate Knife gap used 

(µm) 

Absolute 

Error (µm) 

Error (%) 

 

 

 

 

CNF 

Steel 700 2.7 38 

Steel 500 0.4 9.3 

Steel 300 0.3 10.7 

Membrane 700 -10.3 90.4 

Membrane 500 -13.4 372.2 

Membrane 300 -2.5 125 

Plastic 700 -2.4 38.7 

Plastic 500 -3.0 65.2 

Plastic 300 -2.8 77.8 

     

 

 

 

 

 

MFC 

Steel 700 -2.6 18.3 

Steel 500 5.8 50.2 

Steel 300 1.8 21.8 

Membrane 700 -8.7 47.2 

Membrane 500 -1.1 7.5 

Membrane 300 -14 152.3 

Plastic 700 7.1 40.1 

Plastic 500 12.2 79.3 

Plastic 300 5.7 74.5 
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Table A- 5: Error in measurements for wet coatings using optical confocal method 

Film 

Material 

Substrate Knife gap used (µm) Absolute 

Error 

(µm) 

Error (%) 

 

 

 

 

CNF 

Steel 700 523 95 

Steel 500 370 97 

Steel 300 118 98 

Membrane 700 246 98 

Membrane 500 221 98 

Membrane 300 48 96 

Plastic 700 482 80 

Plastic 500 383 82 

Plastic 300 242 86 

     

 

 

 

 

 

MFC 

Steel 700 -66 -12 

Steel 500 -4 -1 

Steel 300 -17 -7 

Membrane 700 -6 -1 

Membrane 500 28 7 

Membrane 300 -79 -44 

Plastic 700 19 3 

Plastic 500 -1 0 

Plastic 300 36 14 
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Table A- 6:  Error in measurements for dry coatings using optical confocal method 

Film 

Material 

Substrate Knife gap used 

(µm) 

Absolute 

Error (µm) 

Error (%) 

 

 

 

 

CNF 

Steel 700 3.2 45.1 

Steel 500 0.6 14.2 

Steel 300 1.5 52.9 

Membrane 700 2.1 18.6 

Membrane 500 -3.4 93.8 

Membrane 300 -0.7 35.9 

Plastic 700 5.4 87.1 

Plastic 500 4.0 87 

Plastic 300 3.5 97.2 

     

 

 

 

 

 

MFC 

Steel 700 -5.2 37.2 

Steel 500 -0.6 5 

Steel 300 5.3 63.2 

Membrane 700 -0.7 3.9 

Membrane 500 4.7 31.4 

Membrane 300 3.9 42.4 

Plastic 700 -4.7 26.7 

Plastic 500 3.2 20.6 

Plastic 300 -3.2 41.8 

 

 

 


