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Efficient usage of resin is of critical importance to industry in the manufacture of wood 

composite panels, because resin represents a significant proportion of product costs.  

However, resin efficiency is poorly defined in literature, making it difficult to compare 

manufacturing processes in quantifiable terms. Additionally, resin content in the product is 

often confused with resin input in the process. Developing a method to quantify resin 

efficiency would provide industry a quality control tool which help to minimize resin usage.  

 

The ultimate objective of this project was to develop a set of tools and guidelines by which 

board manufacturers could assess resin usage in product, and make specific recommendations 

to improve resin efficiency in PB and MDF manufacture.  To further this objective, the 

following tasks were identified:  

 

First, determine a metric by which resin efficiency could be quantified.  Second, survey 

industry to identify resin systems used in the manufacture of particleboard, as well as partners 

to collect samples of resinated furnishes and boards for analysis in this project. Third, identify 

a methodology by which resin content and distribution could be quantified in both resinated 

furnish and finished product.  Finally, apply this methodology to collected samples, and 

correlate this resin content and distribution with board performance. 

 

For this project, a quantifiable metric for resin efficiency was proposed as the product of two 

terms, a metric for board performance and a metric for resin usage.  The metric for board 

performance was further defined for particleboard and fiberboard as the ratio of measured 



 

internal bond strength to the tensile strength perpendicular to the grain of the species of wood 

used, modified by the compaction ratio of the finished board. 

 

A survey of industry was performed to identify resin systems used in the manufacture of 

particleboard and fiberboard and to obtain particleboard and fiberboard samples for analysis 

in this project.  Sixty-three plants in the United States and Canada were contacted.  However, 

only 19 plants completed the survey and only 3 provided usable sample sets (2 particleboard, 

1 fiberboard) of furnish and furnished panels. 

 

A method was developed by which actual resin coverage could be quantified in product 

without modification to the manufacture process.  This method was applied to the 3 industry 

sample sets and 3 sets of laboratory samples that were prepared for comparison.  All furnish 

samples were stained using Toluidine Blue O, which allows urea-formaldehyde and pMDI 

resins to be distinguished from wood under fluorescent illumination.  A total of 450 

micrographs (75 per sample) were taken of the industrial and laboratory samples.  A semi-

automatic image analysis program was written to quantify resin and wood coverage in each 

image obtained. 

 

A review of prior literature led to the expectation that resin coverage would be correlated to 

actual resin content in the product.  However, an analysis of the micrographs of the industry 

samples showed the industry samples to have lower resin coverage than expected.  There was 

also no clear trend correlating resin coverage to resin content in the laboratory samples. 

  

Based on the results of this work it was determined that the staining process of the  

methodology by which resin content and resin coverage were quantified was inadequate for 

calculating resin efficiency as proposed.  Improvements to this methodology were identified 

and suggested for future work.  The proposed definition of resin efficiency also shows a strong 

dependency on the board performance metric, which may be modified in future work.  Resin 

efficiency and resin coverage were found to be greater in the laboratory samples than the 

industrial samples. 

 



 

 In conclusion, this paper proposes a new metric for resin efficiency which allows resin 

efficiency to be quantitatively compared for different manufacturing processes and 

parameters. The staining process used in this paper has been shown to be capable of detecting 

UF and pMDI resins and quantifying resin coverage without modification to the 

manufacturing process.  These  could be used by industry as a quality control tool to minimize 

resin usage and decrease product costs. 
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1. Introduction 

 

Composite materials are defined as “mixtures of two or more solid materials that are 

mechanically separable, and possessing complementary properties” (Strong, 2008).  Medium-

density fiberboard (MDF) and particleboard (PB) are wood-based particulate composites 

constructed of wood particles and an adhesive binder, where the role of adhesive is to bind and 

provide load transfer between the wood particles (Bergman et al., 2010).  Due to the relatively 

low cost of the wood particulate used in the construction of MDF and PB, resin costs represent 

a significant portion of total product costs (Kelly, 1977).  As such, efficient usage of resin is of 

great concern to industry.  Quantifying resin efficiency could provide industry a quality 

control tool to optimize manufacturing processes, but a methodology to quantify resin 

efficiency in industrial processes has not been found in literature. 

 

Although correlations between resin input and individual board properties have been 

demonstrated, none of these correlations have been expressed in terms of quantified resin 

efficiency. In addition, the majority of these studies use resin input rather than actual resin 

content in product for correlations, because direct measurement of actual resin content in 

finished products is notoriously difficult.  This is problematic, as resin input is not the same as 

actual resin content. 

 

Resin efficiency has been defined by Burrows as the “application of a minimum quantity of 

adhesive to wood particles, with resulting optimum physical properties in a pressed board” 

(Burrows, 1961). This definition, however, lacks a quantifiable metric for determining resin 

efficiency, making it inadequate for quantitative comparison of resin efficiency between 

manufacturing processes. 

 

To assess resin efficiency in industry, Burrows’ general definition of resin efficiency has to be 

expressed in quantitative terms.  To understand the factors that affect resin efficiency, it is 

necessary to understand how to distinguish between the resin input and the actual resin content 

in the final product, as well as the factors that affect load transfer between resin and fibers. 
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To address these problems, a project funded by the NSF I/UCRC Wood Based Composites, 

WBC project A-22-SM, was conducted in cooperation with Jörn Dettmer and Dr. Gregory 

Smith at the University of British Columbia (UBC).  The ultimate goal of this project was to 

develop a set of tools and guidelines for board manufactures to assess the resin usage in 

product, and to make specific recommendations to improve resin efficiency in PB and MDF 

manufacture.  Towards this end, the following approach was taken: 

 

1) Survey products, manufacturing equipment, and post treatments used by North American 

PB and MDF plants.  

 

2) Measure critical benchmark properties for each board type across different plants and 

manufacturers for typically production run panels. 

 

3) Collaborate with interested manufacturers on extraction of constituent wood material 

(”furnish”) and representative board samples for the resin distribution to be investigated 

using various imaging techniques. 

 

4) Correlate the resin content and distribution characteristics in furnish and panels to the 

properties characterized in step 2). 

  

Of these objectives, points 3) and 4) were addressed by this thesis, while point 2) was 

conducted by Jörn Dettmer at UBC.  As part of point 3) above, a review of literature was 

conducted to identify methods to quantify resin content and distribution, which can be found 

in Appendix H.  Guided by the survey of industry from point 2), and results of this literature 

review, a methodology by which resin content could be assessed in both the furnish and 

finished PB and MDF products was identified for further investigation.  This methodology 

was then evaluated for its ability to quantify resin content for the resins identified in the 

survey, and applied to several PB and MDF samples.  Finally, resin efficiency was evaluated 

for these samples and improvements to the process were identified. 

 

Because resin efficiency is affected by several process parameters which may vary not only 

between manufacturing processes, but also fluctuating over time, it was necessary that the 
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furnish samples and board samples collected be representative of each other.  If this were not 

the case, correlations between the two could not reasonably be made, undermining objective 

4) listed above. 

 

One of the objectives of the survey was to identify resin systems used in the industry and 

partner companies who would participate in the study and allow extracting furnish and product 

samples from their production lines. The results of the survey can be found in Appendix A.  

The survey consisted of an online questionnaire, with open-ended response options.  Each 

manufacturer was asked to respond to as many questions as they were comfortable with. 

 

Of 31 MDF and PB manufacturers surveyed, 19 responded, with only 4 of these providing 

samples for this study.  Eventually, only 3 of these samples could be used, as measurement of 

board performance in the fourth was not feasible.  Based on survey results as well as from 

conversations with industry partners of the Wood Based Composites center, it was determined 

that Urea Formaldehyde and pMDI resins were the most prevalent resins used in PB and MDF 

manufacture.  
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2. Literature Review 

 

As mentioned in the introduction, a general definition of resin efficiency was initially 

proposed by Burrows as the minimum amount of adhesive required to achieve an optimum 

board property (Burrows, 1961), that is, the actual resin content, distinguished from the resin 

input during manufacture.  This definition lacks a quantifiable metric, making it inadequate to 

quantify resin efficiency between different manufacturing processes. 

 

Christensen and Robitschek have attempted to quantitatively define resin efficiency in 

particleboard as the ratio between measured internal bond strength (IB), defined as the force 

required to pull apart the faces of a board (ASTM, 2012a) and some theoretical maximum IB 

(Christensen and Robitschek, 1974).  This can be expressed below in Equation [2], with 

      representing the theoretical maximum IB,    representing the measured IB, and   

representing the quantified resin efficiency: 

 

  
  

     
 [2] 

 

However, this theoretical maximum IB is not readily available and must be determined by 

plotting measured bond strength relative to mean resin droplet diameters, and extrapolating to 

an IB at droplet diameter of zero. This is shown in Figure 1 below, with the horizontal axis 

representing the average resin droplet diameter, and the vertical axis representing the metric of 

resin efficiency. 
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Figure 1: Extrapolation of theoretical max IB with diminishing droplet size, for unspecified 

resin content (Christensen and Robitschek, 1974) 

 

This approach does not account for other factors which are known to affect IB.  For example, 

it has been shown that IB and other mechanical properties are affected by the species of wood 

employed (Onuorah, 2011).  Furthermore, this definition does not include resin content, which 

was specifically proposed by Burrows.  While the plot in Figure 1 was created at specific resin 

content, this is not reflected in the definition of resin efficiency proposed. 

 

Other quantitative metrics for resin efficiency have not been found in literature. 

 

Following Burrows’ original definition, a quantitative metric for resin efficiency necessitates 

that both board performance and the actual resin content in product be quantified.  In order to 

understand how these factors may be affected by the manufacturing process, and to illustrate 

potential points where resin may be lost, it is useful to describe the manufacture process of PB 

and MDF. 

 

2.1. Manufacturing of Particleboard and Fiberboard 

 

A brief description of the manufacture of PB and MDF is as follows. First, raw material in the 

form of chips, shavings and sawdust from other forest products processes are supplied to the 

plant, and processed into either wood particles (for PB) or refined into wood fibers (for MDF).  

Then, the wood material is dried and fed into a blender where resin, wax, and other additives 
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are sprayed on the wood particles or fibers, creating “resinated furnish”.  This furnish is sent 

to a forming machine, where mats are consolidated on a conveyer line.  These mats are hot-

pressed to cure the resin, and then sent to finishing operations such as trimming and sanding to 

form the final product.  A diagram of this process is shown below in Figure 2. Boards are 

manufactured to adhere to industry standards such as ANSI A208.1 for particleboard and 

ANSI A208.2 for MDF (ANSI, 2009a, 2009b). 

 

 

Figure 2: Generic manufacture process for PB and MDF, with areas of potential resin loss 

noted 
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Resin may be “lost” at several steps in the manufacture process, illustrated above in Figure 2.  

Generally, these “losses” manifest through resin transfer to machinery, or physical removal 

during the finishing operations.  By the time a product is finished, the resin within it is not the 

same as the resin input to the system.  To understand how resin may be “lost” or underutilized 

in PB and MDF, it is useful to review each step of the manufacture process in further detail. 

 

2.1.1. Sourcing, Refining, and Drying of Wood Material 

 

PB and MDF are made primarily of wood particles or refined wood fibers, respectively.  

Wood particles are effectively smaller “chips” of larger wood elements, typically sorted by 

size after being sourced as residue from other processes, or chipped from larger wood 

elements (Bergman et al., 2010; Kollmann and Cote Jr, 1968).  Wood fibers are smaller 

components of wood anatomy, typically observed as string-like elements as shown in Figure 3 

below.  In order to produce wood fibers, the bonds between each fiber in the wood must be 

broken, requiring a refiner to break down wood particles in a process similar to the pulping 

operations used to manufacture paper (Bergman et al., 2010). 

 

 

Figure 3: Wood particles (left) and fibers (right) observed in this study, at same scale. 

 

The difference in geometry between wood particles and fibers lends to difference in 

processing.  For instance, wood particles are typically sorted by size prior to blending, such 

that finer particles can be reserved for the faces of boards so as to improve surface finish.  

Wood fibers, being relatively uniform, do not need to follow this same sorting procedure.  

Likewise, the small size of fibers lends to high surface area-to-volume ratios, requiring more 
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resin during blending. In particleboard manufacture, resin contents are typically on the order 

of 5%-12%, while MDF tends to range between 8% and 15% 

 

2.1.2. Blending 

 

“Blending” describes the process where wood particles are mixed with resin, wax, and other 

additives. Understanding the blending process is crucial for understanding resin efficiency, as 

this step determines how resin is applied to the wood particles. Generally, the blending 

methods can be split into two categories, mechanical and blowline blending.  In mechanical 

blending an agitator mechanism stirs the mixture while spraying resin via a nozzle or 

spinning-disk atomizer, whereas blowline blending involves blowing the wood particles 

through a stream of resin via air pressure. Because of the random mixing of the wood material 

in the blender, there is opportunity for resin to transfer between material.  In particleboard 

manufacture, both systems see use, whereas with fiberboard, blowline blenders are used 

almost exclusively (Bergman et al., 2010). 

 

Mechanical blenders use paddles, screws, or other driving mechanisms to flow material 

through, introducing resin and other additives via spray nozzles, spinning disc atomizers, or 

some other means (Bergman et al., 2010).  The nature of this process allows for significant 

rubbing action between particles, promoting transfer of resin between these particles as they 

move through the blender (Christensen and Robitschek, 1974). This action also causes some 

resin to transfer to the walls of the blender system, which can result in a waste of resin in the 

blending process.   

 

Blow line blenders flow furnish through pneumatic conveyer system at sufficient velocities to 

promote turbulent mixing, with resin being sprayed into the stream of particles. As a 

byproduct of the high flow velocities in the tube, a boundary layer of air is developed which 

minimizes resin lost to the walls of the blow line equipment (Loxton et al., 2003). 

 

Recently, Dieffenbacher GMBH, one of the leading manufacturers of wood processing 

equipment has introduced a new blender system that minimizes resin loss, the EvoJet blender 

system (Figure 4).  This blender system is a modification of the blowline system, using a 
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careful management of particle flow to both minimize resin loss to the walls of the blender as 

well as promote uniform resin transfer between particles (Dieffenbacher, 2013).  The EvoJet 

system is advertised to use about half the resin other blowline systems would require for a 

similar quality product, indicative of how resin efficiency can be impacted by the resin blender 

system used. 

  

 

Figure 4: Diagram of EvoJet blending system (Dieffenbacher, 2013) 

 

The amount of resin used in the blender is dependent on the desired board construction, with 

MDF generally using less resin than PB (Bergman et al., 2010).  Additionally, resin content 

may vary in multi-layer constructions in particleboard, where it is common for face particles 

(that is, particles which are closest to the outer surface of the finished board) to be blended 

with higher resin content than core particles (those particles closest to the mid-thickness of the 

board) (Bergman et al., 2010; Sackey et al., 2008).  This higher resin content is primarily 

driven by the finer size of the face particles, which have greater surface area per unit volume, 

presenting more area to which the resin can bond.  After blending with resins, furnish is 

moved to a forming line, where the mat, or uniform furnish layers are formed. 

 

2.1.3. Forming 

 

Once the wood fibers or particles are blended with resin, they are flowed via a conveyer 

system to a forming line, where material is deposited to form a mat (Bergman et al., 2010).  
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This forming is accomplished by layering furnish onto a conveyer at a constant rate such that 

an even thickness mat is constructed.  For multiple-layer construction in particleboard, a face 

layer is formed on this conveyer, followed by formation of core layers and finally another face 

layer (Bergman et al., 2010).  Due to the fact that some resin may come in contact with 

machinery, there is potential for resin to be wasted via transfer from furnish to the forming 

line equipment. 

 

2.1.4. Hot-Pressing 

 

The mat is further conveyed to a “pre-press” mechanism which compresses the mat to a set 

thickness.  This compression helps remove voids, or air pockets, in the mat.  During pre-press, 

compression of mat can cause some resin to flow, spreading resin more thoroughly and 

covering more particle area (Dai et al., 2011).  After this compression, the mat is loaded into a 

“hot-press”, which uses heat and pressure to compress the mat into a board, curing the resin on 

the wood.   

 

 

Figure 5: Example of density profile in pressed board (Wong et al., 1999) 

 

As the mats are compressed into boards, the density increases, forming a “vertical density 

profile” (VDP) through the thickness of the board.  Generally the densities of the faces are 

higher than that of the core, an example of which can be seen in Figure 5.  It is well-

understood that increases in density are correlated with improved IB, up to a point (Cai et al., 

2004; Tsuomis, 1991; Wong et al., 1999).   
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This improvement of IB as the board is compressed can be attributed to several phenomena.  

As furnish is compressed, the fibers or particles are pressed closer together, improving the 

contact between individual fibers or particles.  This improvement in contact in turn promotes 

the likelihood of the randomly distributed adhesive to form bonds with more particles.  As the 

number of bonds increase, the ability of the board to transfer load through the fibers or 

particles also increases, thus improving bond strength.  Once the board is fully pressed, the 

dimensions must be sized through a series of finishing operations. 

 

2.1.5. Board Finishing 

 

There are two processes in board finishing operations which affect resin content in the 

product: trimming and sanding.  Trimming, as the name implies, involves removing material 

from the edges of the board with saws or other mechanisms, so that the length and width 

dimensions meet a standard size.  In the manufacture of particleboard, this trimming can 

amount to between 0.5% and 8.0% of the final boards mass (Bergman et al., 2010).  Because 

material is removed uniformly, the average resin content within the board does not change.  

These trimmings are then returned to the refiner or burned as fuel, so as to minimize waste. 

 

Sanding is commonly used to size the thickness of the product, and provide a smooth surface 

on the face.  The sanding process removes a disproportionate amount of resin due to a 

combination of the layer construction employed, as well as the vertical density profile 

established in the board during mat formation and pressing, respectively.  For boards 

constructed of varied layers, the resin content frequently is higher for the face particles relative 

to the core particles (Bergman et al., 2010).  Thus, proportionally more adhesive will be 

removed per volume than compared to trimming, and average resin content should decrease.  

An illustration of this can be seen below in Figure 6. 
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Figure 6: Illustration of sanding removing proportionally more resin from surface of finished 

board, view represents edge-on of finished board. 

 

2.1.6. Summary of Manufacturing 

 

It has been shown that throughout the manufacturing process there are steps where resin may 

be lost through resin transfer to machinery and through the sanding and trimming operations.  

Because of these “losses”, resin input will not be the same as resin content within the final 

product, as referred to in the Burrows definition of resin efficiency. 
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2.2. Factors Affecting Resin Efficiency 

 

Resin efficiency is influenced by factors at both the blending and the pressing stages.  Lehman 

(1970) and Christensen and Robitschek (1974) show that there is a general trend of internal 

bond strength improving as the resin droplets become smaller, illustrated by Lehmann in 

Figure 7. However, if the diameter of resin droplets is too small, there is a chance that it will 

become “wasted”, or otherwise unable to aid in transferring load within the composite.  This is 

driven by two factors, the point at which the resin droplets are aerosolized, or suspended in the 

air, and the point where the droplet sinks into the topography of the wood, as shown below in 

Figure 8. 

 

 

Figure 7: Effect of resin content, board density, and degree of resin atomization on IB 

(Lehmann, 1970) 
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Figure 8: Resin Droplet diameter in relation to Douglas-Fir cell anatomy (Kwon et al., 2001) 

 

Conversely, if the resin droplet volume is greater than what is required to fully transfer load 

between wood particles, then this additional volume can also be considered as unused.  

Furthermore, this excess resin may effectively “starve” other locations in the board of resin, 

decreasing net bond strength.  Such a scenario becomes more important as the resin droplet 

diameter approaches the size of the wood particles or fibers.  An example of this is shown 

below in Figure 9. 
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Figure 9: Large resin droplet diameter starves resin in other areas of board 

 

During the pressing operation in the manufacture process, the resinated furnish will be 

compressed together, improving contact and thus bonding between wood particles.  This 

improvement in performance is directly proportional to the compaction ratio, or ratio of board 

density relative to constituent wood species density.  Cai shows the dependence of board 

density on the Internal Bond strength for particleboard below in Figure 10 (Cai et al., 2004), 

while the density of fiberboard defines the product type and thus the expected board properties 

(Bergman et al., 2010).  It is also well understood that different wood species have varying 

mechanical properties which can impact board properties (Bergman et al., 2010; Onuorah, 

2011).  

 

 

Figure 10: Dependence of IB strength on panel density in particleboard (Cai et al., 2004). 

 

Resin “clump” indicated 

by bright green area 
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However, resin may be located on the wood particle or fiber where no contact is achieved 

even after hot-pressing, and thus the resin will not contribute load transfer between wood 

particles as shown in Figure 11 below.   

 

 

Figure 11: Example of resin coverage not contributing to bond area 

 

Because the blending process is random, the likelihood of a bond forming between two 

particles is left to a series of probabilities.  First, the resin droplets land on particles at random 

locations.  Second, during pressing operation the particles come in contact at random 

locations.  Finally, there is a random chance that particle contact will occur where resin has 

already landed. 

 

These probabilities are additionally modified when capillary actions from the surface 

roughness highlighted above as well as the surface energy of the wood-resin interface present 

opportunities for the resin to “flow” along capillary spaces on the particle surfaces or between 

fibers.  If the resin film after flowing is excessively thin, there is a chance that the resin will 

sink into the roughness of the wood particle and therefore be unavailable for bonding.   

 

All of the above make theoretical modeling of the probabilities complex and prone to error 

when simplifying assumptions are made.  Therefore there is a need for empirical methods for 

accurate measurement of resin content and resin coverage in furnish and finished products. 
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2.3. Detection and Quantification of Resin 

 

As described above, to understand resin efficiency it is necessary to quantify the actual resin 

content in the board, as the resin input at the blender may not be representative due to the resin 

loss in the process.  This quantification has been notoriously difficult, as it “requires 

quantifying resin distribution on random particles” (Kelly, 1977).    

 

There is evidence that the distribution of the resin within the board affects resin efficiency, 

and as such observations of resin coverage may assist in understanding resin efficiency (Kelly, 

1977; Lehmann, 1970). As noted above in section 2.2, the size and characteristics (such as 

smearing) of resin droplets observed on wood fibers or particles should inform on the ability 

of resinated furnish to transfer load in the finished board.    Additionally, resin coverage is 

easier to quantify in resinated furnish than finished board, because resin can be observed on 

the surface of the wood material without resorting to 3D imaging equipment.  Because of this, 

in order to understand resin efficiency it is useful to quantify both the resin content and the 

resin coverage in the resinated furnish. 

 

One option for addressing both the need to quantify resin content as well as describe resin 

distribution is to correlate resin area coverage with resin content.  This has been investigated 

by Dai et al. and He et al., who show a strong correlation between resin content and resin 

coverage (Dai et al., 2007; He et al., 2007) in oriented-strand board (OSB).  This correlation 

can be seen below in Figure 12, suggesting that methods developed to measure resin coverage 

can be used to estimate resin content with some degree of certainty.  In this plot, the “random” 

and “uniform” refer to resin application methodology, where some samples had resin droplets 

uniformly applied to wood strands and others had droplets randomly applied through a 

spraying process as typically employed in industry in which case the droplets can overlap 

effectively reducing the coverage for the same resin content. 
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Figure 12: Correlation between resin input and coverage in OSB (He et al., 2007). 

 

Resin coverage and resin content have been measured by others for PB and MDF (Grigsby et 

al., 2005; Lehmann, 1970; Loxton et al., 2003) , but no study has been found which 

specifically looks at the correlation of resin coverage to resin content in PB and/or MDF.  

Nevertheless, it seems reasonable to assume that an analogous correlation between resin 

content and resin coverage can be determined in PB and MDF despite substantial differences 

in the size and geometry of strands, particles and fibers. 

 

2.3.1. Detection of Resin by Visible-light Microscopy 

 

Observing resin coverage on wood is difficult, as the most commonly used resins, UF, pMDI, 

and MUF are transparent under visible light (Bergman et al., 2010).  An exception to this is 

the observation of Phenyl-formaldehyde resin, which has been observed without significant 

difficulty due to its dark-brown color which contrasts with the lighter yellow of wood (Lin and 

Huang, 2004). Methods have been developed utilizing the fluorescent characteristics of both 

wood and resin to develop visible contrasts, which can then be analyzed with computational 

methods. 

 

2.3.2. Detection of Resin by Fluorescent Microscopy 

 

When certain molecules are illuminated by light of a specific wavelength, they tend to re-emit 

light, or fluoresce, at a wavelength longer than the illumination source (Murmanis et al., 
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1986).  For example, lignin in wood is known to fluoresce green when stimulated by blue or 

near-UV wavelengths of light (Albinsson et al., 1999).  By using chemicals which enhance or 

suppress fluorescence in either the wood or resin, it is possible to develop an observable 

contrast between the two (Grigsby et al., 2005; Murmanis et al., 1986). 

 

In particular, resin distribution on both MDF and PB fibers has been studied through 

fluorescent microscopy methods for UF, pMDI, and MUF resins by utilizing staining or dying 

of either the resin or resinated furnish. These stains or dyes serve to increase contrast between 

resin and wood by exploiting fluorescence of resin and/or wood.   

 

Contrast of resin coverage relative to fiber coverage in MDF fibers and UF resin has been 

achieved by using a Rhodamine dye blended with UF resin (Loxton et al., 2003), or 

Acriflavine dye (W. Grigsby and Thumm, 2012; W. J. Grigsby and Thumm, 2012; Grigsby et 

al., 2005) before blending of resin with the wood material.  It has also been suggested that 

Toluidine Blue O can be used to stain UF-resinated fibers, causing UF resin to fluoresce while 

suppressing fluorescence of wood (Xing et al., 2005, 2004). 

 

2.3.3. Detection of Resin by X-ray Tomography 

 

Quantification of resin coverage on wood fibers has been performed through 3-D X-ray 

computed tomography (CT) (Evans et al., 2010; Paris et al., 2014; Walther and Thoemen, 

2009). This method is based on the idea that different molecules attenuate X-rays at different 

rates, producing a detectable contrast.  Because the molecular weight of resin is close to that 

of wood, it is difficult to distinguish between the two without modification.  Resin must be 

doped with an agent to develop sufficient contrast.  Evans et al. used a Copper Sulphate 

labeling agent mixed with resin prior to resinating the wood material to study the distribution 

of melamine-UF resin in particleboard. Without a labeling agent, “unlabeled adhesive could 

not be differentiated from wood by X-ray CT”  (Evans et al., 2010).  Alternatively, barium or 

iodine labels mixed with UF resin prior to blending have been shown to develop contrast 

between resin and wood in particleboard, although Iodine may be lost during the hot-press 

operation through evaporation (Paris et al., 2014; Walther and Thoemen, 2009). 
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It has been shown by Xie et al. that blending UF resin with a labeling agent made of copper 

sulfate pentahydrate allows resin content to be correlated with intensity of fluorescence using 

a wavelength dispersive X-ray fluorescence spectrometer, while the usage of the sodium ion 

Na+ in PF resin proved to be sufficient for quantifying PF resin content (Xie et al., 2004).  

Additionally, there has been a successful effort to identify resin penetration in wood fibers 

through the use of X-ray Computed Tomography and iodine-doped PF resin (Paris et al., 

2014).  It should be noted that the doped resins used in these methods may have different 

viscosity and bonding characteristics, and are expensive to use (Paris et al., 2014), making 

them impractical for use with furnish or product specimens sampled from regular 

manufacturing processes. 

 

2.3.4. Detection of Resin by Spectrography 

 

Some authors suggest utilizing spectroscopy to quantify resin content by distinguishing ratios 

of chemical compounds in a sample (Ormondroyd and Grisby, 2002; Xie et al., 2004).  The 

use of X-ray spectroscopy (XPS) for quantification of resin content relies on the difference in 

nitrogen concentrations between resin and wood.   Studies have shown this is difficult method 

to use for assessing overall coverage, due to high magnifications involved and low signal-to-

noise ratio (Grigsby and Thumm, 2004).   

 

Similarly, Ormondroyd and Grigsby have demonstrated direct quantification of phenol-

formaldehyde (PF) resin content in MDF by quantifying the sodium content of the PF resin in 

relation to the wood via the use of a plasma emission spectroscope. They noted that this 

method required prior knowledge of the sodium content in the resin, stating that “PF resin of 

unknown sodium content cannot be analyzed accurately for its resin content” (Ormondroyd 

and Grisby, 2002).  Taylor and Via have also used a near infrared spectroscopy method to 

“modestly correlate” (R
2
=0.46) PF resin loading to near infrared absorbance (Taylor and Via, 

2009).   

 

Nitrogen content in UF resin has been used as a contrasting agent with X-ray spectroscopy to 

distinguish resin from wood, with varied success.  Grigsby and Thumm have shown difficulty 

with imaging UF resin coverage in MDF fiber using this method (Grigsby and Thumm, 2004), 
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but note in a later study that this method may be confounded by additives such as wax used in 

MDF manufacture (Grigsby et al., 2004).  Resin content has also been calculated for UF resin 

samples by using a spectrographic analysis to quantify percentage of Nitrogen in a panel 

divided by percentage of Nitrogen in the resin formulation (Grigsby et al., 2005). 

 

2.4. Summary of Literature Review 

 

Resin efficiency as proposed by Burrows calls for the measurement of actual resin content.  

Actual resin content is different from resin input to the process, because resin input does not 

account for resin losses in the process.  While resin input is trivial to measure, quantification 

of actual resin content is difficult. 

 

It has been shown that there are several mechanisms by which resin may be lost in the 

manufacture process for particleboard and fiberboard, and that the resin input at the blender 

should be distinguished from the actual resin content in the product.  It has also been shown 

that the distribution of resin within product may affect how much resin is lost during the 

manufacture process. 

 

Approximate measurement of resin content in furnish and finished products are feasible 

through various methods, but none are especially reliable.  Correlations between resin 

coverage and resin content has been found in OSB, such a correlation would allow resin 

coverage to be used as proxy for resin content for assessment of resin efficiency.  While this 

correlation has not been found in literature for PB and MDF, it is reasonable to assume that 

such a correlation exists.  Resin coverage has been quantified via microscopy with staining or 

dyeing to reveal contrast between wood and resin.   

 

An attempt to quantify resin efficiency has been proposed by Christensen and Robitschek, but 

this definition did not account for resin content and therefore does not inform the efficiency of 

resin usage for products with different resin contents.   
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A quantifiable metric of resin efficiency is therefore needed to address these inadequacies, 

which accounts for board performance and resin usage, and references an easy to obtain 

standard, as described in section 2.2 above. 

 

To further the overall objective of developing a tool to quantify resin efficiency in industry, 

the following specific objectives must be addressed: 

1. Create a quantifiable metric for resin efficiency building from Burrows definition, 

which relates resin content and board performance and can be measured to some ideal 

standard 

2. Survey industry to identify resin systems commonly used in PB and MDF 

manufacture and manufacturing parameters affecting resin efficiency in products 

3. Develop method to quantify resin content from furnish and product samples collected 

from the industry 

4. Quantify the resin efficiency of samples collected from industry using this method 
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3. Experimental Methods 

 

Following the objectives outlined in the introduction, work was conducted in the following 

order.  First, a quantifiable metric for Burrows resin efficiency was proposed.  This presented 

a need to quantify resin content in the finished product. Pathfinding work was conducted to 

develop methodology to quantify resin content in the resin systems identified.  Finally, resin 

coverage was measured in furnish samples collected from industrial partners, and an 

assessment of resin content in furnish and product samples collected from industrial partners 

was attempted. 

 

3.1. Quantitative Metric for Resin Efficiency 

 

As stated in the introduction, resin efficiency has been defined by Burrows as “application of a 

minimum quantity of adhesive to wood particles, with resulting optimum physical properties 

in a pressed board” (Burrows, 1961).  To quantify resin efficiency as proposed by Burrows, it 

is necessary to develop a quantifiable metric for resin efficiency.  It follows that such a 

quantitative metric for resin efficiency should account for bond performance as well as the 

amount of resin used to achieve this performance.  This metric should have the following 

characteristics: 

 

1. Resin efficiency should relate a measure of bond performance to resin content in the 

composite. 

2. This bond performance metric and the actual resin content should be compared to 

some ideal standards, which can be readily obtained. 

3. At the same performance level, resin efficiency should increase with decreasing resin 

content. 

4. At the same resin content level, resin efficiency should increase with increasing 

performance. 

5. The resultant value for resin efficiency should be a unitless fraction. 

 

In order to determine an ideal standard for which resin efficiency can be compared to, it is first 

necessary to identify an appropriate performance metric.  For particleboard and fiberboard, 
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internal bond strength (IB) as proposed by Christensen and Robitscheck (Christensen and 

Robitschek, 1974) is an adequate metric, as this is designed to assess the cohesion of the 

bonding between wood particles within the composite (ASTM, 2012a). Internal bond strength 

is defined as the force required before failure, as each face of the board is pulled apart (ASTM, 

2012a). 

 

An ideal standard relative to IB, then, would be a measure of the maximum obtainable bond 

strength, as proposed by Christensen and Robitschek (Christensen and Robitschek, 1974).  

However, Christensen and Robitschek’s proposed definition of this maximum obtainable bond 

strength as an extrapolated value is problematic, as it is a moving target affected by several 

other process parameters outlined in the Literature Review prior.    This metric is not practical, 

as it requires extrapolation of data which varies with the process, and therefore an alternative 

standard should be considered. 

 

For a given resin to be considered acceptable, the bond between any two wood elements 

should be stronger than the wood substrates. That is, the wood should fail before the bond 

does (ASTM, 2012b).  Following this, the standard by which IB should be compared to might 

be the strength of the wood species used measured in tension tangential to the grains.  This 

property is readily available in the literature (Bergman et al., 2010), meeting requirement (2) 

outlined above. Thus, the relative metric for bond performance,    can be written as: 

 

   
  

  
  [ 1 ] 

 

where    is the internal bond strength and    is the tensile strength perpendicular to the grain 

of the wood.  The use of    provides an additional advantage, in that the natural strength of 

wood involves no resin at all. The problem with this metric, though, is that some dense fiber 

composites such as high-density fiberboard have an IB larger than the tensile strength 

perpendicular to the grain of the wood for the wood species used (Bergman et al., 2010).  For 

example, MDF has typical range for internal bond strength of 0.9 MPa to 2.0 MPa, while 

Lodgepole Pine has a tensile strength perpendicular to the grain of 1.5 MPa (Bergman et al., 

2010). 
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Because it has been shown that the IB of a board increases with board density, a measure of 

density should be accounted for in the ideal standard to address this issue.  To meet 

requirement (5), it is proposed that the compaction ratio ( ), defined as the board density 

divided by the density of the wood species used as shown in Equation [3] is used to adjust the 

strength value for densified composites: 

 

  
      

     
 [ 3 ] 

 

This should work for most (though not all) composites and most species of commercial 

importance.  Combined, the revised metric for bond performance,    in MDF and PB is 

proposed to be: 

 

  
  

    
 [ 4 ] 

 

One way of addressing requirements (1) (2) and (3) outlined above, would be multiplying this 

bond performance metric [4] by a factor which increases resin efficiency as resin content is 

decreased.  This can be accomplished by multiplying the bond performance by a fraction 

complementary to the resin content.  Based on these requirements and the definition originally 

offered by Burrows, a new metric of resin efficiency,    is proposed as: 

 

   (
  

    
) (    ) [ 5 ] 

 

Where    is the measured internal bond strength of the board,    the tensile strength 

perpendicular to the grain of the wood species used,   is the compaction ratio, and    is the 

mass-based resin content, defined as the ratio of resin mass (  ) to wood mass (  ): 

 

   
  

  
 [ 6 ] 

 

This formula provides a quantitative, unitless metric allowing for board performance to be 

measured against resin usage and compared between processes.  Of note, clear wood would 
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have an IB equal to Ft, resulting in a resin efficiency of 100%.  As the IB increases while resin 

content stays constant, the efficiency increases and meets criterion (3).  Similarly, resin 

efficiency will increase as IB stays constant while resin content decreases, meeting criterion 

(4).  Finally, thus defined resin efficiency metric will account for the increased IB of 

substituting stronger wood species or increasing the compaction ratio (Onuorah, 2011),  

 

It should be noted that this definition of resin may be generalized for use in other types of 

wood composites.  The first term represents a metric of measuring board performance against 

a known standard, while the second term weighs this board performance against the amount of 

resin used.  Thus, a general form of resin efficiency can be defined as: 

 

    (    ) [ 7 ] 

 

To adapt this formula to calculate resin efficiency in layered wood composites such as 

plywood, LVL or laminated lumber, the factor K might refer to wood failure fraction, which is 

the commonly used bond performance metric (ASTM, 2013) calculated as an area fraction of 

bond area visible after a shear test has been performed.  Because this fraction is a value from 

0% to 100%, the wood failure fraction (  ) can be directly substituted into the general form of 

resin efficiency in [7] as so: 

 

     (    ) [ 8 ] 

 

The advantage of this formulation is that the parameters required are readily available, with 

the exception of the actual resin content.  Ft is published for many wood species in the Wood 

Handbook (Bergman et al., 2010), while the compaction ratio is a target process parameter, 

and IB and wood failure fraction are routinely measured as part of the product quality 

assurance process.  To quantify resin efficiency in industry, bond performance and resin 

content within the board are therefore needed.   
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3.2. Sample Collection 

 

Of the 19 plants who responded to the survey, only 3 provided usable samples to study.  

Additionally, of these 3, only one provided information regarding resin input and details on 

the plant processing parameters.   

 

There are several points throughout the manufacturing process where samples can be 

extracted.  First, samples can be removed either before or after the blender in the form of 

resinated and non-resinated wood furnish.  Similarly, the resinated furnish can be removed 

from the mat forming line.  After pressing, boards can be pulled either before or after the 

finishing operations of trimming and sanding. 

 

As stated in the manufacturing process overview, there can be variation to the environment 

which will affect board properties over manufacturing time.  This necessitated tightened 

control over sample collection, where the furnish and the panel samples had to be pulled at the 

same time, in order to ensure that they were representative of each other.  While a study of this 

environmental effect over time could be studied further, it was beyond the scope of this 

project due to the survey aspect of the research work. 

 

Specific instructions for sample collection (Appendix B) were mailed to participating plants.  

Sample collection was performed by pulling resinated furnish from the forming line of the 

plant as highlighted below in Figure 13, and placing this furnish in Ziploc bags.  Once sample 

collection began, the plant operator would track board production, such that furnish supplied 

would be representative of the board samples.  After pressing, these board samples were 

trimmed and shipped to UBC for mechanical property testing (Dettmer, 2013) while the 

resinated furnish was shipped to Oregon State University.  The timeframe between sample 

collection and delivery was on the order of several weeks, during which time the resin was 

assumed to have cured or dried. 
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Figure 13: Illustration of sampling points in manufacture process of MDF and PB 

 

At the time of sample collection, the variation in coverage between imaged samples was 

unknown, and so proper statistical power calculations could not be made.  Initially, both 

resinated and unresinated furnish were requested from suppliers, but after initial analysis 

(described in chapter 3.3 “Pathfinding Work to Quantify Resin Content”) showed confidence 

in the fluorescent staining technique used, only resinated furnish was requested. 

 

A total of 3 plants supplied both furnish and board to OSU and UBC, respectively, with a 

fourth plant providing just furnish to OSU.  All samples were randomly labeled, so as to 
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reduce bias in the experiment.  All samples provided were made with urea-formaldehyde or 

pMDI resin.  A summary of the sample sets used can be seen below in Table 1. 

 

Because of this minimal level of participation, a series of laboratory particleboard samples at 

varying levels of resin input were produced at the UBC (Dettmer, 2013). 

 

The particleboard samples from UBC were prepared with a laboratory blender, with the resin 

input being determined by weighing the amount of wood particles to be placed in the blender, 

and then the mass of the resin.  UF resin was applied to the wood particles via a nozzle while 

the mixture was tumbled.  Boards were constructed by forming a single, homogeneous layer 

of this resinated furnish which was then hot-pressed.  3 sets of samples were created, with 

only the resin input being varied for each set.  This produced samples with 7%, 9%, and 12% 

resin input. 

 

In addition to the samples requested, details on the manufacturing parameters such as resin 

input and blender system used were asked.  However, two companies (marked as process F 

and K) did not share information on resin input and other details of the manufacturing process 

quoting concerns of confidentiality.  

 

 

Table 1: Summary of sample sets 

Sample Set Fiber Type Blender Type Resin Type Resin input 

Process “A” Particleboard Drum UF 4.9% 

Process “F” Particleboard Blowline UF Not Reported
*
 

Process “K” Fiberboard Drum pMDI Not Reported
*
 

UBC 7% Particleboard Lab UF 7% 

UBC 9% Particleboard Lab UF 9% 

UBC 12% Particleboard Lab UF 12% 
*
) Typical values for resin input for particleboard and fiberboard range from 4% to 12%. 
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3.3. Pathfinding Work to Quantify Resin Content 

 

As discussed, the quantification of resin efficiency requires quantitative data on both, the 

board performance properties and resin content.   

 

Because resin input is not the same as resin content within a board, a methodology is 

necessary to quantify this resin content.  Based on the assumption that resin content could be 

correlated with resin coverage in PB and MDF as has been demonstrated for OSB (He et al., 

2007), a methodology to quantify resin coverage was developed through a sequence of pilot 

experiments culminating in a final process.  These pilot experiments involved testing different 

combinations of fluorescent staining agents with resinated and unresinated wood and cellulose 

fiber samples. 

 

3.3.1. Assessment of Staining Agents 

 

Based on the survey results and conversations with partners at the Wood Based Composites 

center, emphasis was placed on identifying methodology to quantify resin coverage for UF 

and pMDI resins.  Two staining agents were selected for investigation, Toluidine Blue O 

(TBO) and Acriflavine.  A sequence of tests was devised to evaluate the best staining process 

by which UF and pMDI resin could be distinguished from wood. The test matrix is 

summarized below in Table 2. 
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Table 2: Summary of Pathfinding Samples, with process selected for further testing in bold 

Test Sequence Staining Agent Sample Type Resin Used 

1 None Cellulose PF 

2 None Cellulose UF 

3 None Cellulose pMDI 

4 None Wood Furnish UF 

5 None Wood Furnish pMDI 

6 Acriflavine Cellulose UF 

7 Acriflavine Cellulose pMDI 

8 Acriflavine Wood Furnish UF 

9 TBO Cellulose UF 

10 TBO Cellulose pMDI 

11 TBO+Acriflavine Cellulose UF 

12 TBO Wood Furnish UF 

13 TBO Wood Furnish pMDI 

 

 

Each test consisted of staining a reference sample comprised of a piece of cellulose filter paper 

with a drop of either UF or pMDI resin placed in a known location and observing under 

microscope.  An example of this reference sample can be seen below in Figure 14.  The 

purpose of the cellulose filter paper was to ensure that any contrast observed would be due to a 

difference between resin and cellulose, rather than an unknown contaminant. 

 

 

Figure 14: Example of reference sample used 

 

75mm 

Cellulose filter 

paper samples 

Resin 

application spot 
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These reference samples were cured at 130°C for approximately 7 minutes to ensure that the 

resins had set before staining treatments were applied.  Once cured, reference samples were 

allowed to soak in one of the following solutions for a period between 24 to 30 hours: 

 Aqueous Acriflavine mixture, 10mg Acriflavine per 250 mL water 

 Aqueous TBO mixture, 10mg TBO per 250 mL water 

 Mixture of TBO and Acriflavine, 10mg Acriflavine + 10mg TBO per 250mL water 

 

The timeframe was chosen based on initial testing which showed that staining for less than 14 

hours produced inconsistent contrast within the sample.  Each sample was then placed on a 

glass microscope slide and observed under a Nikon E400 Eclipse fluorescent microscope 

(Figure 15) with varying illumination conditions. 
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Figure 15: Nikon Eclipse E400 Microscope used in this study 

 

PF resin was investigated without a staining treatment using white light microscopy, but this 

path of inquiry was halted after the results of a UBC survey suggested that PF resin was not 

used by the participants this study investigated.   

 

The UF and pMDI samples were observed at magnifications of 40x, 100x, and 200x using 

Nikon B-2A, G-2EC, and B-2EC filters.  Each of these filters modifies the wavelength of light 

illuminating the sample, as well as the wavelengths of light returning to the observer.  Of these 

filters, it was determined that the B-2A filter revealed the most contrast between both UF and 

pMDI resin to wood, so this filter was selected for observations. This filter allows light from 

the mercury lamp in the range of 450-490  nm to pass through the lens, while preventing light 

Light source 

Camera 

Filter carousel 
Microscope 
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of 500 nm or shorter wavelength from returning through the microscope via a dichromatic 

mirror (Nikon, n.d.). 

 

As stated before, without staining it is difficult to see any distinction between resin and 

cellulose.  An example of a cellulose filter paper sample with pMDI and no stain can be seen 

below in Figure 16, where the wicking of the resin droplet along cellulose fiber was located in 

the middle of the image but cannot be clearly seen.  This difficulty drove the need to develop a 

staining method to better distinguish resin from wood. 

 

 

Figure 16: Example of pMDI resin in reference sample without stain 

 

Acriflavine did not prove to be an effective agent for developing contrast between cellulose 

and resin.  The Acriflavine stain appeared to enhance fluorescence of the entire sample, with 

the reference samples glowing for up to approximately 500 ms after light was removed.  None 

of the filters investigated would allow resin to be distinguished from wood with this stain, a 

typical observation of this can be seen in Figure 17 below. 

 

pMDI resin applied 

in brightened areas 
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Figure 17: Example of UF sample stained with Acriflavine 

 

The combination of TBO and Acriflavine was investigated.  It was expected that TBO might 

work to suppress the fluorescence of the cellulose, while the Acriflavine might enhance 

fluorescence of the resins.  Ultimately, these proved to not be as successful as the pure TBO 

treatment, with both UF (Figure 18) and pMDI resins. 

 

 

Figure 18: Result of TBO+Acriflavine staining process with UF resin 
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After the minimum time of 24 hours in a TBO solution, the cellulose was found to have 

suppressed auto fluorescence, and the color of the fluorescence had shifted from a bright green 

to a dull red.  Simultaneously, the UF resin, which had normally appeared translucent or 

otherwise non-descript under blue light, began to fluoresce green, as in Figure 19 below. This 

contrast between red wood, and green resin was also observed on wood furnish particles 

which were manually resinated with UF resin. 

 

 

Figure 19: Result of TBO staining process with UF resin 

 

This contrast was also observed for pMDI resin, as shown below in Figure 20. 

 

UF Resin 

Cellulose filter paper 
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Figure 20: pMDI reference sample with TBO stain 

 

Following the success with the TBO stain on the reference cellulose samples described above, 

the next step was to perform trials with resin on samples of unresinated wood fibers provided 

by industry sponsors. The samples were manually coated with droplets of UF and pMDI resin.  

As with the reference samples, these fiber samples were cured at 130C for 7 minutes to ensure 

that the resin had set.  The same staining process as used with the reference samples consisting 

of 24-30 hours soak in 10mg TBO/250mL water solution was used with these fibers.  After 

soaking and drying, samples were placed on slides and observed under fluorescent microscope 

as before. 

 

Similar contrast was observed in these wood particle and fiber samples as with the reference 

samples, for both UF and pMDI resins.  Based on these observations, the TBO staining 

process described above was selected for further study. 

 

3.3.2. Selection of Imaging Resolution 

 

Selection of imaging resolution is important, as it defines the minimum detectable resin 

droplet size, as well as the total observed area.  There is a tradeoff between these two aspects, 

where increasing the field of view will increase the minimum detectable resin droplet size.  

Conversely, to detect smaller droplet sizes, the field of view and thus representative area 
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observed for each sample will be diminished.  To determine the resolution required to observe 

resin on wood, the following steps were performed.   

 

First, it was considered that for an observation to reasonably be classified a resin droplet and 

not noise, a minimum area of 5 x 5 pixels would need to be detected as resin.  Assuming a 

minimum useful diameter of each resin droplet of 20 μm (that is, a minimum size before a 

resin droplet would sink into open cells in the wood or aerosolize), this would require a 

minimum resolution of 4.0 μm /pixels. 

 

Second, it was determined that for coverage per particle to be reasonably assessed, the 

majority of one particle or fiber would need to be observed in each micrograph.  Based on 

average observed dimensions of 1000 μm by 2000 μm for wood particles, and 100 μm by 

1000 μm for wood fibers, this meant that the field of view would need to be at least 2000 μm 

by 2000 μm for wood particles, and 1000 μm by 1000 μm for wood fibers. 

 

Taking these requirements, and considering the magnifications available to us on the 

microscope used, magnifications of 40x and 100x were selected for the particleboard and 

fiberboard samples, respectively.  These magnifications when combined with a camera 

resolution of 2560x1920 pixels corresponded to resolutions of 4.0 μm /pixel and 1.6 μm 

/pixel, respectively.  Thus, a minimum observable resin droplet diameter of 20 μm could be 

achieved for both particleboard and fiberboard. 

 

3.3.3. Measurement of Resin Content in Wood Boards 

 

Once it was shown that resin coverage could be assessed for UF and pMDI resins on cellulose 

filter paper, this TBO staining methodology was applied to finished board samples.  After 

soaking, it was observed that the TBO staining agent failed to penetrate beyond approximately 

500um into the sample, as can be seen in Figure 21 by the exposed, unstained wood at the 

corner of the sample.  When observed under fluorescent microscope, these unstained fibers 

overwhelmed the image with background fluorescence from the lignin, making it impossible 

to distinguish resin from wood.   
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Figure 21: Particleboard sample showing lack of penetration of staining medium 

 

Because the wood fibers and particles are relatively brittle, it was not practical for the solid 

wood samples to be cut into slices sufficiently thin (approximately 1000um, assuming even 

penetration from both sides) for the staining medium to fully penetrate the wood without using 

a supporting medium such as wax.   

 

At this point, efforts focused on quantifying the resin content in furnish, as it was assumed that 

resin content in the board would not differ significantly from resin content in the furnish.  

Several improvements which may allow this process to work were noted, and are discussed in 

section 6.2. Future Work. 

 

Blue indicates stained material 

Removing corner 

material exposes 

unstained wood 

~25mm 
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3.4. Measurement of Resin Content in Resinated Furnish 

 

At the conclusion of the pathfinding work described prior, a methodology was developed to 

analyze resinated particleboard and fiberboard furnish.  The methodology used can be 

described in the way that samples were analyzed: 

 

1. Resinated furnish from 2 PB and 1MDF industrial plant, and 3 laboratory-prepared 

samples stained with TBO process described prior. 

2. Stained, resinated furnish from step 1 prepared on slides. 

3. Micrographs of the slides generated to produce sequence of digital images. 

4. Digital images pre-processed to identify possible areas of resin and wood. 

5. Digital images processed by a semi-automatic program to identify and quantify resin 

coverage of wood in each image. 

6. Data produced by image analysis correlated to mechanical property data measured by 

at UBC on the finished boards. 

 

A detailed description of each step is provided below. 

 

Step 1. The staining process consisted of a minimum 24 hour soak of sample particles in a 

Toluidine-Blue-O (TBO) solution.  This aqueous solution was prepared by mixing TBO 

provided by Sigma-Aldritch with water at a ratio of 10g of TBO to 250mL of water.  The 

solution was mixed until a consistent color was observed.  Each sample consisted of 15 

prepared microscopic slides of wood furnish, from which 5 separate locations on the slide 

would be imaged, to form 75 image replicates per sample. 

 

Approximately 50 g of furnish from the sample set was mixed into this solution, such that the 

majority of particles were seen to be submerged in the solution.  This mixture was allowed to 

sit overnight, for a minimum of 24 hours before the soaked wood particles were removed from 

the solution.  These stained particles were allowed to air-dry for approximately one hour.   

 

Step 2. Once dried, microscope slides were prepared with a representative sample of the 

stained particles by attaching samples to a glass slide with 3M double-sided adhesive tape.  
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Each slide was then labeled and subsequently moved to the microscopy lab for imaging. An 

example of the prepared slide is seen below in Figure 22. 

 

   

Figure 22: Example of microscopy slide showing TBO-stained particleboard furnish 

 

Step 3. All imaging work was performed on a Nikon Eclipse E400 fluorescent microscope (as 

seen in Figure 15), utilizing a Nikon HB-10103AF super high pressure mercury lamp for 

illumination, and a QImaging MicroPublisher 5.0 RTV digital camera.  Image data was 

recorded to a Dell Dimension 8200 computer running Windows XP, via the QCapture Pro 6.0 

application.  All imaging of particleboard samples was performed at 40X magnification, while 

MDF samples were imaged with 100X magnification due to the substantially smaller fiber size 

as illustrated prior in Figure 3.  An exposure time of 7,000 milliseconds was used for the PB 

samples, and it was found that an exposure time of 10,000 milliseconds for the MDF samples 

improved visual detection of resin.  This could be attributed to the smaller particle size and 

observer bias, where the slimmer MDF particles were difficult to see with a shorter exposure 

time. 

 

A Nikon B-2A dichromatic filter was used to both induce and observe fluorescence in the 

samples.  This filter allows light from the mercury lamp in the range of 450-490 nm to pass 

through the lens, while preventing light of 500 nm or shorter wavelength from returning 

through the microscope via a dichromatic mirror (Nikon, n.d.).  

 

75mm 
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Step 4. Due to the significant depth-of-field induced by the thickness of some of the particles 

observed, it was necessary to perform simulated confocal microscopy, as the microscope used 

did not have equipment necessary for true confocal microscopy.  This was done by taking 

between 1 and 6 images of the samples at different heights of the focal plane, as needed to 

place each section of the observed image into focus.  Afterwards, these images were digitally 

combined into a “stack” and then processed into a single, focused  image using the “stack 

focuser” macro in the ImageJ image analysis program (Umorin, 2002).  This macro works by 

identifying areas in focus in each image, stitching the best-focused areas of each image into a 

single, focused image (umorin, 2002). One focused image was created for each of the 75 

replicates representing a sample set, and these focused images were used by the resin 

quantification macro described prior to calculate coverage ratios and resin areas.  

 

A total of 450 focused images were produced during the course of experimentation.   

 

3.4.1. Automated Image Analysis 

 

Because of the volume of images created, an automated image analysis process was required 

to analyze the data.  This process consisted of the following steps: 

 

1. Conduct automated image segmentation procedure to identify resin and wood areas in 

each image 

2. Record results in the form of comma-delimited lists of location and geometry in each 

image and collate individual files into single Excel spreadsheet 

3. Summarize resin coverage and droplet size distributions for each sample set 

 

To accomplish these tasks, three pieces of software were used: ImageJ with a custom macro, a 

custom Processing “sketch” program, and Microsoft Excel.  ImageJ was utilized to perform all 

image processing. The Processing program was written to combine the multiple output files 

from ImageJ into a more easily-read, single file to import to Excel, the code for which can be 

found in Appendix G.  Excel was used to perform all analysis of the data obtained. 
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As shown above in Figure 20, the TBO staining process with fluorescent microscopy 

produced images where red pixels represented wood particles and green pixels represented 

resin.  This difference in colors was exploited by a macro written for ImageJ which identified 

wood and resin in an image by utilizing a color threshold segmentation process, illustrated in 

Figure 23 below.   

 

 

Figure 23: Block diagram of ImageJ macro used to quantify resin and wood coverage in 

micrographs 

 

For resin, the threshold is set by a minimum amount of “green” in the image, with all pixels 

brightly green being identified as resin.  Conversely, wood is identified by the degree of “red” 

observed, with a maximum hue change setting the threshold limits.   

 

To quantify the ratio of resin coverage area, areas identified as covered by resin are assumed 

to be covering wood. The program (found in Appendix B) identifies pixels which meet these 

threshold values, and then collects adjacent pixels into “particles”, reporting location, effective 

diameter, shape, and area of each particle.  In the process of identifying these particles, the 

macro outputs a series of “mask” images representing areas of wood and resin in the image, 

which can be seen in Figure 24 below.  The numerical results are then exported into a comma-

delimited file for each image, with the macro cycling to a new image until all 75 replicates 

comprising a sample are processed.   
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Figure 24: Wood and Resin identified by black areas of masks 

 

During the course of analysis, it was found that some significant noise was being introduced 

into the resin identification process due to the background fluorescence of the adhesive tape 

on each slide.  To account for this, the location mask images generated by the original 

program were manually cleaned by deleting areas which represented background noise, an 

example of which can be seen in Figure 25 below.  These cleaned images were then re-

analyzed with a simplified macro (found in Appendix D). 

 

The cleaning process involved manually editing each black-and-white image mask after 

observing the original image.  This process was conducted by first comparing the image masks 

showing detected resin to the original micrographs.  Where these image masks showed 

detected resin (indicated by black pixels) significantly different from what could be observed 

manually, the image mask was flagged for editing.  Editing involved changing the black pixels 

to white in the areas deemed to not be resin.  False readings of resin were prevalent in the 

Process K fiberboard sample, which could be attributed to resin in this sample having similar 

brightness to the background fluorescence.  This prevented adjustments to the threshold from 

properly filtering out noise, as a threshold set sufficiently high to remove the background 

would also discard detections of some resin droplets. 

 

 

Detected Wood Original Image Detected Resin 
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a    

Figure 25: Example of cleaning operation performed on images with background interference 

 

3.4.2. Data Treatment 

 

The ImageJ macro outputs results in .csv format for each image it opens.  This leaves 150 .csv 

files (75 resin results, 75 wood results) for each sample set.  As such, it was necessary to write 

a program to parse these results into a single, coherent .csv file which could then be imported 

into Excel.  This “parsing” program was written in Processing, a Java based programming 

environment, and worked by collating these .csv results into one file while filtering out header 

data.  The code for this program can be found in Appendix E. 

 

Total area, location in image, and equivalent diameters were reported for each section of 

micrograph identified to be resin or wood by the program.  From these values, resin coverage 

(  ) was calculated in Excel as the ratio of total resin area (∑  ) divided by the sum of total 

resin area and total wood area (∑  ) for each micrograph: 

 

   
∑  

∑   ∑  
  [ 9 ] 

 

Histograms were then generated in Excel, to show the frequency of resin coverage per 

micrograph for each sample set.  Based on the shape of these histograms, log-standard 

deviations and log-means were taken of the resin coverage in each sample.  In addition to 

these values, histograms of resin equivalent diameters were performed in Excel. 

 

3.4.3. Quantification of Resin Content by Nitrogen Content 

 

In addition to the microscopy work, approximately 100g of each of the UBC samples were 

delivered to GP Chemical Company for a Nitrogen content analysis.  This analysis process 

Original Image Detected Resin Re-ID of actual resin 

Background fluorescence falsely 

detected as resin by program 
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burns material and quantifies the Nitrogen content based on the spectrographic emissions 

(Grigsby et al., 2005). Generally, the nitrogen content of resin is higher than that of wood, and 

thus the nitrogen content ratio is a good indicator for resin content in the wood.  It was hoped 

that this test would provide a reference which resin coverage observations could be compared 

with.   

 

3.5. Summary of Methodology 

 

The methodology selected is summarized as follows: 

1. Resinated furnish and finished boards collected from plants, based on instructions 

provided in Appendix B. 

2. Furnish stained in solution of 10mg TBO/250mL of water for 24 hours, followed by 

air-drying 

3. Stained furnish was imaged under fluorescent microscope using B2-A filter. 

4. Images pre-processed with automatic analysis program to identify possible areas of 

resin and wood 

5. Images processed by semi-automatic analysis program to quantify areas of resin and 

wood coverage. 

6. Data from image analysis process correlated to mechanical property data of finished 

board measured by UBC. 

  



47 

 

4. Results 

 

The results of the experimental procedure are presented in the order that the methodology was 

executed.  First, an inspection of micrographs is shown so as to inform the quantified resin 

coverage and distribution charts.  Second, quantification of resin coverage and distribution are 

presented.  Finally, resin efficiency is calculated for the 3 industry samples as well as 3 

laboratory samples collected. 

 

4.1. Inspection of Micrographs 

 

In each image, bright green areas represent resin locations, while dark red represents wood.  

As stated in the methodology, the adhesive used to secure the wood particles and fibers to the 

microscopy slide was found to fluoresce dark green.  To aid interpretation, examples of resin, 

wood, and background are annotated below in Figure 26.  Each sample set displays interesting 

characteristics in the distribution of resin that should be noted.  For discussion purposes, an 

index number is provided in the top-left corner of each micrograph shown in Figure 27 

through Figure 32.  In addition, the file name of each image in these figures is listed below 

each image.  A full set of images created is supplied on a USB flash drive, with an explanation 

of directories and file naming convention found in Appendix F. 
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Figure 26: Annotated Example of Wood Particle Observations 

 

Process K represents the only fiberboard process studied, and as such it is immediately 

apparent that the wood fibers have substantially smaller diameters than the wood particles 

studied.  As a consequence of the smaller size, several wood fibers were typically observed in 

each micrograph, as compared to typically a single wood particle in the particleboard samples. 

 

As can be seen in image 3 in Figure 27 as compared to other micrographs displayed, there 

were very few instances of large droplets, and a substantial number of observations showing 

nearly no resin droplets.  Several observations would sometimes be required before any resin 

could be observed on the wood fibers.  As discussed in section 2.2, the “clumping” of fibers 

around large droplets could be “starving” other fibers of resin. 

 

Both Process F and A represented the particleboard manufacturers studied, and both sample 

sets show similar trends.  For example, a general trend observed was low resin coverage with 

small “dots” of resin distributed fairly evenly throughout all the particles.  This can be seen in 

image 7 and 15 in Figure 28 and Figure 29, respectively.  Unlike Process K, clumping of resin 

or large droplets were not observed in the Process F or Process A samples.  Some “smearing” 

(that is, where resin would be spread thinly on a wood particle), was observed in both these 

processes, but only in a few images.  This smearing action could be caused by the capillary 

action of resin “wicking” along the fibers of the wood. 

Background 

Resin 

Perimeter of 

wood particle 
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For the UBC samples, there was significantly more variance in resin coverage compared to the 

industry samples.  At each resin input level, there were several micrographs which had small-

diameter “dots” of resin similar to the industry samples.  This can be seen in images 23, 29, 

and 34 in Figure 30, Figure 31, and Figure 32, respectively.  Conversely, there were multiple 

micrographs which revealed large quantities of resin on a given particle.  The most extreme of 

this phenomenon can be seen in image 21 in Figure 30, where an entire wood particle appears 

to be covered in resin.  In addition to these observations of large coverage on some wood 

particles, evidence of “wicking” action along the direction of the fibers appears to have 

occurred in images 24 and 33, in Figure 30 and Figure 32, respectively. 
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process-K_1_1_10000ms.tif process-K_5_1_10000ms.tif 

  
process-K_12_1_10000ms.tif process-K_13_4_10000ms.tif 

  
process-K_3_2_10000ms.tif process-K_3_1_10000ms.tif 

Figure 27: Example Images from Process K (MDF, unknown resin input), index number listed 

in top-left 
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process-F_2_2_7000ms.tif process-F_1_4_7000ms.tif 

  
process-F_4_4_7000ms.tif process-F_4_5_7000ms.tif 

  
process-F_1_3_7000ms.tif process-F_6_1_7000ms.tif 

Figure 28: Example Images from Process F (PB, unknown resin input), index number listed in 

top-left 
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process-A_7_2_7000ms.tif process-A_1_12_7000ms.tif 

  
process-A_1_5_7000ms.tif process-A_2_7_7000ms.tif 

  
process-A_14_2_7000ms.tif process-A_1_12_7000ms.tif 

Figure 29: Example Images from Process A (PB, 4.9% resin input), index number listed in 

top-left 
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UBC-7%_3_5_7000ms.tif UBC-7%_6_4_7000ms.tif 

  
UBC-7%_5_3_7000ms.tif UBC-7%_5_4_7000ms.tif 

  
UBC-7%_1_4_7000ms.tif UBC-7%_4_1_7000ms.tif 

Figure 30: Example Images from UBC sample at 7% resin input (PB), index number listed in 

top-left 
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UBC-9%_1_1_7000ms.tif UBC-9%_10_3_7000ms.tif 

  
UBC-9%_9_5_7000ms.tif UBC-9%_5_5_7000ms.tif 

  
UBC-9%_2_2_7000ms.tif UBC-9%_1_3_7000ms.tif 

Figure 31: Example Images from UBC sample at 9% resin input (PB), index number listed in 

top-left 
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UBC-12%_11_4_7000ms.tif UBC-12%_1_2_7000ms.tif 

  
UBC-12%_1_4_7000ms.tif UBC-12%_3_1_7000ms.tif 

  
UBC-12%_5_1_7000ms.tif UBC-12%_6_4_7000ms.tif 

Figure 32: Example Images from UBC sample at 12% resin input (PB), index number listed in 

top-left 
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4.2. Calculated Resin Coverage and Distribution 

 

To assess the variance in measured coverage in each replicate image, frequency charts 

showing the percentage of replicate images with detected coverage percent were created, and 

can be seen for both the UBC and Industry sample sets in Figure 33 and Figure 34, 

respectively.  The same logarithmic scaling was applied to both axes to aid interpretation.  

Data and procedures were thoroughly checked to minimize possibilities of gross measurement 

errors.  

 

 

Figure 33: Frequency of detected resin coverage per replicate image, UBC samples, log-log 

scale.  Index numbers of representative images listed above trends. 
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Figure 34: Frequency of detected resin coverage per replicate image, industry samples, log-log 

scale.  Index numbers of representative images listed above trends. 

 

Of note in these resin coverage frequency plots is a significant shift in mode between the UBC 

samples versus those from processes A, F, and K.  These processes appeared to have a mode 

centered at 0.20% coverage, versus approximately 3.20% coverage for the UBC samples.  It 

can also be seen that a more regular log-normal distribution is observed in the industrial 

samples relative to the UBC samples.  Also, there are a large percentage of replicates observed 

with zero resin coverage, indicated by the frequency peak at detected resin coverages of 

0.01% and less.  Again, this phenomenon is supported by a multitude of replicates observed 

with no apparent resin coverage, as illustrated in the example micrographs shown above. 

 

Resin droplet sizes were recorded for all sample sets, and frequency charts for these were 

made for both UBC (Figure 35) and industry samples (Figure 36).  As stated in the Methods 

chapter, measured droplet sizes below a minimum threshold were discarded, which amounted 

to droplet diameters of 20 and 8 μm for the PB and MDF samples, respectively.  Again, 

logarithmic scales were utilized to make the trends more apparent. Of note in these 

distributions is the smaller variability of droplet diameters for the UBC samples, compared to 

more significant variability in the other processes investigated. 
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Figure 35: Frequency of resin droplet sizes, UBC samples, with droplet diameter in log scale.  

Index numbers of representative images listed above trends. 

 

 

Figure 36: Frequency of resin droplet sizes, industry samples, with droplet diameter in log 

scale.  Index numbers of representative images listed above trends. 

 

The average detected coverage ratios and standard deviation of all samples measured can be 

seen below in Table 3, after applying a natural-log transformation to the data.  This 

transformation was performed as the data appeared to be log-normal.  Again, large standard 

deviations in resin coverage were measured relative to the mean, which can be attributed to 
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the large variance in resin coverage observed between replicates as shown in the example 

micrographs above. 

 

Table 3: Detected Resin Coverage 

 
Input Resin 

Content 
Resin Coverage 

Log-Mean 
Resin Coverage 

Log-Variance 
Resin Coverage Log-
Standard Deviation 

Process A 4.90% 0.16% 0.001% 0.37% 

Process F Not Reported* 0.04% 0.000% 0.10% 

Process K Not Reported* 0.70% 0.037% 1.92% 

UBC 7% 9% 6.96% 0.001% 4.06% 

UBC 9% 7% 1.15% 0.977% 9.89% 

UBC 12% 12% 2.25% 0.001% 4.41% 

*) Typically between 4% and 12% 

 

Lastly, mean droplet diameters were calculated for each sample set, and are listed below in 

Table 4. 

Table 4: Average detected resin droplet equivalent diameters 

Sample Avg. Equiv. Diameter (um) 

Process A 69 

Process F 39 

Process K 102 

UBC 7% 77 

UBC 9% 104 

UBC 12% 67 
 

4.3. Calculated Resin Efficiency 

 

Using values of IB and compaction ratio measured at UBC (Dettmer, 2013), and including the 

resin input, resin efficiency was calculated using Equation [5] for Process A and for the UBC-

prepared samples.  All of the processes studied in the course of this project used Douglas Fir 

as the wood species, thus a constant value of 2.1 MPa was used for tensile strength 

perpendicular to the grain, per the 2010 edition of the Wood Handbook (Bergman et al., 

2010). Although the definition of resin efficiency proposed in Equation [5] calls for measuring 

actual resin content, the methodology used did not produce reliable resin content results.  

Thus, resin input was used in calculations for purpose of discussion.  
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The results of this calculation can be seen below in Table 5.   

 

Table 5: Calculated Resin Efficiency, per Equation [5]
*
 

 
Resin input 

Compaction 
Ratio1 

IB [Mpa]1 
Resin 

Efficiency* 

Process A 4.9% 1.150 0.48 19% 

Process F 
Not 

Reported2 
1.134 0.45 * 

Process K 
Not 

Reported2 
1.432 0.72 * 

UBC 7% 9% 1.508 0.91 26% 

UBC 9% 7% 1.518 1.07 31% 

UBC 12% 12% 1.546 1.37 37% 
1
 Board properties measured by Jörn Dettmer at UBC (Dettmer, 2013). 

2
 Typically between 4% and 12%. 

*
 Resin input was used in the calculation of resin efficiency instead of 

resin content.  Actual resin efficiencies expected to be slightly larger, as 

resin input is an overestimation of the resin content. 

 

Due to a lack of data on resin input for Process F and Process K, resin efficiency could not be 

calculated for these samples.  That said, it is feasible to bound the range of resin efficiency for 

these samples based on the known values of IB, Ft, and board density by plotting resin 

efficiency as a function of resin content.  The results of this bounding can be seen below in 

Figure 37. 
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Figure 37: Resin efficiency v. resin content for industry and UBC samples 

 

4.4. Summary of Results 

 

In general, low average resin coverage with large variability in this coverage between 

replicates within a sample set was observed throughout all the samples investigated.  This 

large variance in resin coverage results was confirmed through observation of typical samples 

analyzed; showing that the automatic resin identification process does not have significant 

bias of measurement.  Outliers identified in the processed data were tracked to micrographs 

showing extreme features, such as exceptionally large resin coverage or no resin at all.  A 

complete collection of micrographs can be found in the included USB drive, with a description 

of files found in Appendix F. 

 

The following observations can be made:   

 

First, greater resin coverage has been detected in the UBC samples studied relative to the 

industrial samples.   

 

Second, with the exception of outliers identified above, resin appears to be deposited on wood 

primarily in the form of round droplets, rather than films.   
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Third, a significant number of micrographs were observed to have no resin at all.  This was 

especially apparent in the Process K samples, and in the industry samples in general.  These 

aspects as well as an interpretation of the resin efficiency results will be discussed below. 
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5. Discussion 

 

The discussion of results is presented in the order by which results were obtained.  First, 

features of the micrographs will be discussed, followed by discussion of the resin coverage 

and distribution, and finally the calculated resin efficiency. 

 

5.1. Sample Observations 

 

After investigating the micrographs taken, a substantial number showed little or no resin 

coverage, especially so for the industry samples and Process K in particular.  This low 

coverage could be attributed to the high surface to volume ratio for fibers, or possibly to 

underreporting of resin by the methodology used. 

 

It appears that the resin that we can see manifests primarily as round droplets, with a 

prevalence of smaller droplets distributed throughout each particle or fiber.  Unlike the 

industry samples, wicking and smearing of resin on the wood particles appears to be occurring 

on the UBC samples.  This could be attributed to the laboratory blender not fully atomizing 

the resin droplets before they land on the wood particles.  This would lead to larger resin 

droplets which would then be smeared across the particle due to rubbing action and resin 

transfer within the blender, or wick along the wood fibers.  Based on these assumptions, we 

would expect to see greater variance in droplet size distributions within the UBC laboratory 

samples as compared to the industrial samples. 

 

5.2. Resin Coverage and Distribution 

 

The frequency of coverage detected per observation appears to follow a log-normal 

distribution for the industrial and UBC processes with the exception of the UBC 9% sample 

set.  There appears to be a shift in mean between the UBC and industrial processes in Figure 

33 and Figure 34.  The split between UBC and industrial processes may be explained by finer 

control over the distribution of resin in the industrial processes compared to the samples 

prepared at the UBC.  The discrepancy of the UBC 9% sample set could also be attributed to a 

low overall detected coverage. 
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The resin droplet size distributions summarized in Figure 35and Figure 36 appear to be similar 

between all processes, showing the frequency of detection dropping gradually as droplet 

equivalent diameter increases.  Of note is the relative consistency in frequency charts for the 

UBC samples in Figure 35, while the industrial processes appear to have more variability.  

This may be explained by the difference in blending systems, as all the UBC samples were 

prepared with the same blender, while the industrial processes used different techniques and 

equipment.  

 

5.2.1. Theoretical Expected Resin Coverage 

 

As noted, the resin coverage observed appears to be very low with large number of 

micrographs showing no resin at all, despite very good contrast between the resin and the 

wood.  To better understand these observations, a simplified theoretical model was created to 

determine the expected amount of resin, in terms of both droplet observations per wood 

particle and overall area coverage.  This theoretical model assumed that all wood particles or 

fibers could be treated as uniform cylinders, while resin droplets would manifest as 

hemispherical volumes of constant diameter.  This simplification can be visualized below in 

Figure 38.  Details of these calculations can be found in Appendix G. 

 

 

Figure 38: Simplification of resin and wood geometry 

 

It can be shown that by making this simplification, the resin coverage (  ) is proportional to 

the resin content (  ) as: 

      
    

   
 

  

  
 [ 10 ] 

 



65 

 

where (  ) and (  ) represent the diameter of the wood element and resin droplet, 

respectively, and (  ) and (  ) represent the densities of the wood and resin, respectively.  

Similarly, the number of droplets one would expect to observe for a given wood particle or 

fiber (  ) is calculated to be: 

      
   

   

   
  

  

  
  [ 11 ] 

 

where    represents the length of the wood fiber or particle. 

 

A key point that should be made when discussing equation [11], is that when the number of 

droplets predicted to be observed falls below a value of 1, the value becomes essentially a 

probability that a resin droplet can be observed on a particle or fiber at all.  For example, if a 

value of 0.5 was calculated, this would indicate that there was a 50% chance of a resin droplet 

being detected. 

 

In Figure 39 and Figure 40 correlations expressed in Equations [10] and [11] were plotted 

against droplet diameter, for wood fibers and particles of dimensions listed below in Table 6.  

These dimensions were chosen based on estimation of particle/fiber sizes from micrographs 

shown in section 4.1.  Plots showing the effect of droplet diameter on resin coverage and 

number of resin droplets are shown, respectively. 

 

Table 6: Dimensions of theoretical wood fibers/particles 

 Diameter (  ) [um] Length (  ) [um] 

Wood Particle 1000 2000 

Wood Fiber 100 1000 

 

The dashed lines in these figures represent the range of the average detected resin droplet 

diameters, based on the results in Table 4. 

 

From these plots, it becomes apparent that we may expect to see relatively high resin coverage 

in the range of 5% to 25% from the particleboard samples of all resin concentrations, with 

substantially lower coverage for fiberboard.  Likewise, the number of predicted resin droplet 

observations may range from about 5 to 300 in the particleboard samples, while the 
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probability of seeing a resin droplet on a given micrograph could be between approximately 

2% to 80%. 

 

 

Figure 39: Predicted resin coverage v. droplet diameter for various processes 

 

 

Figure 40: Predicted number of droplets detected v. diameter for various process (values 

below 1.0 should be interpreted as probabilities of resin detection) 

 

If we plot these equations in terms of resin content v. resin coverage for a series of resin 

droplet diameters, we can see the range of expected resin coverage we might be seeing in the 
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micrographs.  This is shown below in Figure 41, calculated for both particleboard and 

fiberboard as before.  In these plots, each line represents a uniform resin droplet diameter of 

noted size.  Red-shaded areas represent an attempt to bound the expected resin coverage based 

on expected resin contents for both particleboard and fiberboard of between ~4% and 12%. 

 

 

Figure 41: Theoretical resin content v. coverage correlations for varying droplet diameters for 

PB and FB 

 

Even though the model is highly idealized it provides a context to the resin coverage values 

observed in the furnish samples.  

 

A key feature to note between the fiberboard and particleboard theoretical coverage plots is 

the fact that for fiberboard, the resin coverage appears to be between ~0.5% and 6% for the 

anticipated range of resin contents the samples are made with.  Similarly, the range of resin 

coverage values for particleboard varies between roughly 5% and 65%.  This suggests that low 

coverage should be expected for both particleboard and fiberboard samples. 

 

Given the average droplet diameters calculated in Table 4 with known resin input and 

estimated particle/fiber geometry, it is feasible to compare theoretical resin coverage to the 

measured coverage in Table 3.  The results of this comparison are shown below in Table 7.  
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Table 7: Comparison of predicted to measured resin coverage 

 Resin 

Input 

Droplet 

Diameter 

Predicted Resin Coverage Measured Resin 

Coverage 

Process A 4.9% 69 7.61% 0.16% 

Process F * 39 10.99% to 32.97% 0.04% 

Process K * 102 0.42% to 1.26% 0.70% 

UBC 7% 7% 77 9.74% 6.96% 

UBC 9% 9% 104 9.27% 1.15% 

UBC 12% 12% 67 19.19% 2.25% 

 

From these results, it appears that the resin coverage measured was significantly less than 

expected for all particleboard samples.  The exception to this is Process K, which has a 

measured resin coverage within the predicted range, assuming resin input is somewhere 

between 4% and 12%. 

 

This low coverage suggests that there is some mechanism by which resin is being removed, or 

resin is not being detected.  For the former, it may be that resin is being washed away during 

the staining process, which would prevent this resin from being observed during microscopy.  

Regarding the latter, it does not seem likely that the method used is not sensitive enough to 

detect the majority of resin present.  This is due to the fact that it has been shown that resin 

droplets of a usable diameter have been detected at diameters down to 20 μm in the 

particleboard samples.  Additionally, confidence in the detection capabilities was developed 

during the pathfinding work noted prior. 

 

5.2.2. Comparison to resin coverage vs. resin input data published in the literature 

 

To investigate this low coverage further, resin coverage versus resin content was compared 

between the samples studied here and several sources from literature, plotted in Figure 42, 

Figure 43, and Figure 44 below. 
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Figure 42: Comparison of resin content to detected resin coverage of fiberboard samples in 

literature, with Process K shown as line of typical resin content v. measured coverage. 

 

 

Figure 43: Comparison of resin content to detected resin coverage of OSB samples in 

literature 
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Figure 44: Comparison of resin coverage to resin content in particleboard samples, literature v. 

as-measured in current study. 

 

From these plots, our results appear to show resin coverage for given resin input somewhat 

lower than those presented by Grigsby et al, falling well below the expected coverage results 

observed by Loxton et al, Dai et al, and Lehman.  To understand this further, the 

methodologies employed between each study were compared and presented below in Table 8. 

 

Table 8: Description of resin identification methods 

Study Author Material Type Resin Type Resin Identification Method 

Grigsby et al Fiberboard UF Post-resination stain 

Loxton et al. Fiberboard UF Dyed resin 

Lehmann Particleboard UF Dyed resin 

Dai et al. OSB PF Opaque resin 

 

As can be seen, Grigsby et al used the resin identification methodology closest to the one 

employed here, while the other studies relied on a resin that either was opaque or otherwise 

dyed to better indicate its presence on the wood particles.  This could mean that the post-

resination stain may be removing resin from the samples, possibly through resin washing into 

the staining bath, resulting in the reduced resin coverage observed. 
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5.3. Resin Efficiency 

 

Looking at Figure 37, some interesting trends arise. First, there is a relatively tight dispersion 

between resin efficiencies within the UBC samples.  Given that these samples were produced 

with the same equipment, one might expect that the efficiency of these samples would be 

fairly constant.  Also of note is the resin efficiency of the industry samples lags behind that of 

the UBC samples.   

 

It should be noted that in the manufacture of particleboard and fiberboard, resin contents do 

not exceed 20% in practice.  This means that the resin content term in the calculation of resin 

efficiency does not change significantly, especially so when compared to IB or strength of the 

wood species. 

 

Future work may consider revising the metric of resin efficiency as proposed, to better balance 

the relative weights of IB or the bond efficiency factor on the calculation of resin efficiency. 

 

5.3.1. Comparison of Resin Efficiency to Literature 

 

In shortage of experimental data emerging from this study the effectiveness of this metric of 

resin efficiency, was evaluated by calculations of resin efficiency on data published in the 

literature.  Again, because resin content was not readily available, published resin input was 

used for these calculations.   

 

First, resin efficiency was calculated for data presented by Lehmann, showing the effect of 

resin content and droplet diameter on resin efficiency.   The results of this calculation can be 

seen below in Figure 45, where a “fine” spray was defined as the resin droplet distribution 

which would result with an injection pressure of 4.14 bar [60 psia], while a “coarse” spray 

would occur with injection pressures of 1.38 bar [20 psia].  It appears that increasing resin 

content has diminishing returns on the gain in resin efficiency, while there is a clear benefit to 

using a “fine” spray pattern. 
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Figure 45: Effect of resin atomization on resin efficiency, with resin efficiency proportional to 

circle diameter and listed next to data points (Lehmann, 1970) 

 

Work by Que et al  (2007) regarding the effect of molar ratio of formaldehyde was also 

evaluated in terms of resin efficiency in particleboard .  In this study, the ratio of 

formaldehyde to urea was modified in the formulation of UF resin before application to the 

particleboard.  A plot relating this molar ratio to resin efficiency can be seen below in Figure 

46.  There appears to be a correlation between increasing molar ratio and increasing resin 

efficiency. 

 

Atomization of 

Resin Spray 
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Figure 46: Effect of molar ratio of formaldehyde to urea on resin efficiency (Que et al., 2007) 

 

From these plots, it can be seen that the metric proposed can be used to compare the effects of 

different process parameters on resin efficiency in particleboard and fiberboard.  This metric 

could be used to evaluate other parameters,  
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6. Conclusions and Future work 

 

This section summarizes the principal conclusions and future work directions following from 

the presented project. 

 

6.1. Conclusions 

 

The outcome of this work leads to the following conclusions: 

 

First, a metric has been proposed to quantify resin efficiency in the manufacture of 

particleboard and fiberboard, and resin efficiency has been calculated for 3 laboratory samples 

and 1 industrial sample.  The metric proposed allows for resin efficiency to be quantitatively 

compared between processes.  It is important to note that this metric is less sensitive to 

changes in resin content than it is to changes in board or wood species strength.  This is due to 

a limited range of resin contents used in practice, in comparison to a much wider range of 

measured strengths. 

 

Second, it has been shown that the methodology presented here is capable of identifying UF 

and pMDI resins on wood particles and wood fibers.  This methodology was not found to be 

capable of identifying resin in the pressed board product, primarily due to lack of stain 

penetration into the board. The stains used provided sufficient contrast for semi-automatic 

image based segmentation of resin from wood.  Furthermore, the stain process used does not 

interrupt the manufacturing process, but appears to wash out some of the resin in the samples, 

ultimately underreporting actual resin coverage.  This underreporting of resin coverage was 

confirmed when compared to the evidence in literature.   

 

Finally, while we were unable to correlate resin coverage to resin content in PB and MDF, it 

has been shown that this correlation may theoretically exist if simplifying assumptions are 

made.  A simple, theoretical model has verified that the low resin coverage observed is 

expected for both particleboard and fiberboard if resin droplet sizes are small, but this 

predicted coverage was still greater than the resin coverage observed. 
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6.2. Future Work 

 

There are several opportunities for improvement to the methodology employed in this study. 

Future work should focus on: 

1. Improving resin coverage detection in the methodology 

2. Increasing plant participation from industry 

3. Conducting more controlled laboratory studies 

 

It has been postulated that the low resin coverage detected in this study could be a result of 

resin washing out into the staining bath.  This “wash-out” effect could be mitigated somewhat 

by curing the samples before staining by heating samples to 120 °C for a minimum of 10 

minutes.  This curing process would set the resin, minimizing the amount of resin lost to the 

aqueous staining solution. 

 

It may be feasible to modify the staining methodology to allow resin coverage to be quantified 

in finished boards by improving the stain penetration.  This penetration could be improved by 

applying the stain under a pressure treatment, where the pressure gradient would force the 

staining material deeper into the board.  Also, the board could be carefully sectioned before 

the staining process, by using a wax or other medium to provide structure during the cutting 

process.  The capability to quantify resin content in the finished board would provide added 

clarity to the factors affecting resin efficiency. 

 

If plant participation remains low, but cooperation with individual plants is significant, a time-

based study could be employed, to see how seasonal or processing variations affect the resin 

efficiency of the manufacturing plant. 

 

Finally, in the absence of industry participation, an increased number of controlled laboratory 

studies could be performed.  While this would not address the issue of surveying industry, by 

conducting controlled trials it may be possible to better understand which processing 

parameters may improve resin efficiency.  This knowledge could provide insight on how 

particleboard and fiberboard manufacturers might improve their manufacturing processes. 
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APPENDIX A: Survey of Particleboard and Fiberboard Manufacturers 

 

Survey report: Resin efficiency for Particleboard and MDF 

Jorn Dettmer, Nicholas Lampert* & Gregory D. Smith 

University of British Columbia 

*Oregon State University 

 

1. Introduction 

 

1.1. About the project 
 

This survey is part of a research project that is investigating the resin efficiency for non-structural 

panels. The project is funded by the Wood Based Composites Center (WBC). This consortium is a 

National Science Foundation Industry/University Cooperative Research Center. The project is a 

collaboration between the University of British Columbia, Vancouver, BC and the Oregon State 

University, Corvallis, OR. 

 

The goal of the research is to identify variables controlling resin consumption in non-structural panels 

(PB and MDF), investigate their effects on panel quality and to investigate methods for improving resin 

efficiency in these products. The approach is as follows: 

 

1) Perform a survey of products, processing sequences (blender and former types), and post 

treatments in use in North American PB and MDF plants. 

2) Measure the critical benchmark properties for each board type across different plants and 

manufacturers for typically production run panels. The properties in question include internal 

bond strength (IB), in-plane elastic modulus (E), in-plane strength characteristics in tension or 

bending, resistance to nail and screw withdrawal, dimensional stability, regulated emissions, 

and machinability 

3) Collaborate with interested manufacturers on plant specific methods for marking resins and 

extraction of furnish samples for the resin micro-distribution to be investigated using various 

imaging techniques. 

4) Correlate the resin content and distribution characteristics in furnish and panels to the 

properties characterized in step 2). 

5) Make recommendation on the most effective ways of increasing resin efficiency in panel 

products manufacturing. 

 

 

1.2. About the survey 
 

According to various sources, there are 63 MDF and Particleboard plants that are operated in Canada 

and the United States. As of today, 5 of the 63 plants are closed. Several attempts were made to contact 

each individual plant (telephone and email). 31 plants agreed to participate in the survey, all of the 

participants requested the online survey oppose to do a telephone interview. To create the questionnaire, 

the online survey software “SurveyMonkey” was used. 31 survey requests were sent to 16 MDF and 15 
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PB plants across Canada and the United States. 19 plants completed the survey between June 29th, 

2011 and August 12th, 2011. 

 

 

2. Results 

 

The confidentiality of the participants in the survey was maintained by replacing company names with 

random number labels and pooling and randomizing all responses to each question using a secure online 

software package (RANDOM.ORG, https://www.random.org). For example, response number 1 to 

question 1 is not from the same company as response number 1 to question 2. 

 

1. Where is your manufacturing plant situated? 

Removed due to confidentiality 

 

2. What types of panel products do you produce at your mill and which thicknesses are the most 

common ones? 

1) Particleboard, NAUF Particleboard 3/4" and 1-1/8" 

2) 8' wide Decking. 5/8" and 3/4" most common. 

3) Particleboard-- 5/8 11/16 3/4 1 Door core--1 1/8 and 1 1/2 

4) MDF, 17MM 

5) Medium Density Fiberboard 2.5mm to 3/4" (42pcf to 57pcf) 6mm - most common thickness 

6) Door skins. 0.115" 

7) Thin MDF 3mm thick is the most common thickness 

8) Particleboard 3/8 - 1 1/8 

9) TMDF, mostly around 3mm thick. 

10) MDF...5/8 through 3/4" 

11) Medium-lower density fiberboard. 5/8" 3/4" 

12) Interior and exterior MDF boards 1/8"-3/8" thick 

13) MDF, range from 6mm to 1.5" Most common size is 5/8 and 3/4" Lamination of our product. 

14) MDF Door skins ~.120" 

15) MDF, HDF 6.00mm up to 31.75mm, Average 17mm 

16) PB - 5/8" 

17) All panel products are rated for exterior exposure with a nominal thickness of 7/16". Building 

materials (soffit, trim, shutters, utility siding panels, and garage door panels and inserts) 

18) Particle Board: 1/2" to 1 3/16" but 5/8 and 3/4 are most common 

19) MDF & HDF: 3.0 mm - 25.4 mm highest volume range is 5.6 mm - 7.8 mm. 

 

3. What are principle applications for your products? 

1) Door skins, drawer bottoms, backers 

2) Raised panel doors, moulding, cabinetry 

3) Furniture and interior doors 

4) Manufactured home floors. 

5) Lamination, Fixtures, Shelving, Stepping, misc OEM 

6) Door skins, substrate for various laminating processes, furniture (drawer bottoms, cabinet 

backs, etc). 

7) Moulding and sheet stock 

8) Moulding, cabinets, furniture, millwork 

9) Interior doors 

10) Interior, exterior, and garage doors 

11) No response 

12) Furniture (house and office) 

13) Flooring, Flat-Pack & Case Goods Furniture, Misc. Industrial Applications 
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14) Office Furniture and Counter Tops 

15) RTA Furniture and Counter Tops 

16) Furniture, Cabinets, Flooring, Moulding, Shelving 

17) Interior applications - Furniture, Cabinets, Countertops, Flooring, Mouldings, Hardwood 

Plywood (veneers), Wall panels 

18) Resins, wax 

19) Interior molded doors 

 

4. What is your plants total production per annum? 

1) Running at 7% capacity with a ceiling of 24 MM surface feet. 

2) 160MM sq ft 3/4" basis 

3) 50K - 150K MSF 

4) 51.6 million MSF (5/8" basis) 

5) No response 

6) 5-10 million skins 

7) $26M 

8) 84,000,000 sq ft 3/4" basis 

9) Approx. 250,000 m3. 

10) With the current market conditions, we are only running about 95 million feet per year. 

11) 125,000,000 to 180,000,000 sq. ft on 3/4 basis 

12) 100M sqft 

13) 240 million sq ft, 3mm thickness basis 

14) 400 000 m³ (on full production basis) 

15) 25 million sq. ft. on 3/4 base 

16) about 150 MMSF, 1/8" basis 

17) 135000 m³ per year 

18) Up to 43,000,000' 

19) 2010 - 72,000 MSF (3/4" basis) 

 

5. What are expected product trends in the future? 

1) No response 

2) NAF, NAUF, Moisture resistant, Fire retardant 

3) Lower density, "flaked core" 

4) With particleboard, the customers still want the lowest cost board that fills their needs 

5) Anticipate joint efforts with customers to produce effective, but lower specification panels due 

to marketplace cost pressures. Also expect to see more diverse product requirements in the 

next 3-5 years. 

6) Minor - no change 

7) Low formaldehyde emitting 

8) No major changes 

9) We will produce floor decking and only decking in the future. Housing is expected to remain 

slow for 2-3 years 

10) Smooth skins of various patterns 

11) No response 

12) Unknown 

13) Increased variety of laminated materials 

14) Green - Non Formaldehyde 

15) Garage door panels 

16) Light panels for furniture (i.e. honey comb cored composite), NAF products 

17) Expecting to make more thin board than thick board in the future (<12mm) 

18) Most applications follow housing starts. 

19) More exterior grade product- both garage and exterior doors 
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6. Who are your main customers? 

1) No response 

2) Doorskins, ply veneer, 

3) Furniture, Moulding, Woodworking 

4) Laminators, Fixtures, OEMs 

5) Plywood manufacturers 

6) Kitchen companies 

7) Internal Customers 

8) Distributors, Cabinet manufacturers, Flooring manufacturers 

9) Manufactured home builders 

10) Doors 

11) Furniture 

12) Furniture 

13) Building material distribution centers, internal customers, and licensees 

14) Mostly North American customers - furniture producers, cabinet producers, flooring 

producers, moulding producers, hardwood plywood (veneers) producers, distributors 

15) Furniture manufacturers 

16) Furniture 

17) No response 

18) Interior door plants, garage doors 

19) Moulders and distributors 

 

7. Where do you get the furnish or do you produce it in-house? If so, how? 

1) In house. Refiners 

2) All our furnish comes from planner residuals, 

3) Our fiber is 100% in house and 100% green chips. 

4) From sawmill residuals 

5) Sawmills 

6) Chipped veneer cants 

7) Local mills 

8) Regional window and door manufacturers. 

9) Purchased from saw mills 

10) We purchase all furnish. 

11) Northwest 

12) Surrounding saw mills 

13) Sawmill Shavings, Saw Dust, Ply-Trim, Recycled Wood 

14) Local saw/lumber mills and other local suppliers. 

15) Shavings and sawdust is purchased from local planer mills and sawmills 

16) Surrounding sawmills 

17) Waste from a lumber mill 

18) From saw mill around the plant 

19) Mostly public land in chip form - some off of private land 
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8. What wood species are being used in the furnish? 

1) Douglas Fir, White Fir, Cedar, Pine 

2) Spruce, pine 

3) Black spruce Jack pine Birch Douglas Fir 

4) 100% hardwood chips (mostly maple, birch and beech - on occasion poplar) 

5) Pine 

6) Pine 

7) Multiple species, including a mix of hardwood and softwood species. The mix is controlled. 

8) Mostly Southern Yellow Pine, but some mixed hardwoods 

9) Pine and Fir 

10) Doug fir and redwood 

11) Oak pine and popular 

12) Spruce, Pine, Fir, Oak, Maple, Birch, Aspen, Cedar 

13) Pine, spruce, fir, maple, birch, oak, poplar 

14) Douglas Fir 

15) Southern yellow pine 

16) Spruce (approx 10%) Pine (approx 80%) Fur (approx 10%) 

17) Southern yellow pine 

18) 100% green Douglas Fir 

19) Yellow Poplar 
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9. Depending on the panel product, what are the particle/fibre sizes of the furnish? 

1) No Response 

2) Outer layers (where applicable): - Fines, 80 mesh Core layer (where applicable): - core, 8-35 

mesh 

3) Particle/fibre size (please include product type): - n/a - do not measure Outer layers (where 

applicable): N/A - single former head Core layer (where applicable): N/A - single former head 

4) Particle/fibre size (please include product type): - 1/4" all products 

5) 5/16 to 1/16 

6) Particle/fibre size (please include product type): - MDF/HDF : 0.60 to 0.80 mm avg. length 

7) No Response 

8) Outer layers (where applicable): - 7 Mesh-1.2%, 12 Mesh-12.1%, 14 Mesh-9.1%, 20 Mesh-

29.6%, 35 Mesh-21.5%, 100 Mesh-23.3%, Pan-3.2% Core layer (where applicable): - 7 Mesh-

16.7%, 12 Mesh-22.9%, 14 Mesh-8.9%, 20 Mesh-19.9%, 35 Mesh-14.0%, 100 Mesh-15.5%, 

Pan-2.1% 

9) Particle/fibre size (please include product type): - less than 0.5" by less than 0.006" 

10) 3-7% Shives (Shive is greater than 0.008") 

11) Small, fine fibers up to about 1/2" in length in all products (homogeneous) 

12) Particle/fibre size (please include product type): - Sieve size 20 is dominate, with few smaller 

and fewer larger Outer layers (where applicable): - all homogenious on one press, other is fines 

face course back Core layer (where applicable): - all homogenious on one press, other is fines 

face course back 

13) Particle/fibre size (please include product type): - PB : Surface layers (2x) and Core layer 

Outer layers (where applicable): - Fines : average 0.5 mm Core layer (where applicable): - 

Chips : average 1.8 mm 

14) No Response 

15) Particle/fibre size (please include product type): - individual fibers to dust Outer layers (where 

applicable): - individual fibers to dust Core layer (where applicable): - individual fibers to dust 

16) Particle/fibre size (please include product type): - In order of finest to coarsest fiber grind: 

Deep Routing Grade; MDF; Furniture Grade HDF; Flooring HDF. We have data on the 

particle size, but it is influenced by multiple factors. 

17) Particle/fibre size (please include product type): - Chips, sawdust, shavings 

18) No Response 

19) Particle/fibre size (please include product type): - 20% above 16 mesh, 80% under Outer layers 

(where applicable): - 12% above 16 mesh, 88% under Core layer (where applicable): - 27% 

above 16 mesh, 83% under 
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10. What is the moisture content of the furnish and how do you store it? 

1) 12 - 15%. Stored inside buildings. 

2) The fiber moisture content ranges from 9.0 % - 11.0 % dependent on product requirements and 

is not stored. 

3) 30 to 50%, stored unheated inside and outside 

4) 50% to 100%, stored in a wood yard 

5) Sawdust: 50% Shavings: 12% 

6) 70% TO 8% In a dry shed and on a pad 

7) Green - 100% Silos 

8) We have dry furnish (~3-5% moisture) and wet furnish (~15-30% moisture). 

9) 5% moisture Temperature-controlled warehouse 

10) Shavings: 12% Saw dust: 45% PlyTrim: 9% Recycled Wood: 9% 

11) 45-55% 

12) 40-55%, Stored in barns and outside in elements 

13) In coming is 30-40% stored under roof 

14) Varies depending on season between 35% and 55% wet basis - stored outside 

15) 10%. Doffing roll bins. 

16) NA 

17) 15%- silo 

18) 45 - 55%, stored inside 

19) Shavings approx 20%MC Sawdust approx 50%MC Stored inside building (excess stored 

outside) 

 

11. What is the age of the furnish/What is the maximum storage time? 

1) NA. 

2) <30 minutes. 

3) 0-13 months. Maximum approximately 13 months. 

4) 1 day to 3 weeks. 

5) Prefer all furnish to be fresh. Shavings last longer with lower MC, sawdust cannot be stored as 

long. Storage time depends on many factors - inside or outside, ambient temperature, weather 

conditions. 

6) 4 to 6 weeks, maximum 3 months. 

7) Up to 6 months. 

8) 8-12 minutes. 

9) A few weeks with maximum of three months. 

10) Age is typically 1 to 2 weeks old. Can store the higher moisture material up to about two 

months. Dry material can be stored indefinitely. 

11) Up to one week old not sure on storage but ~ one month before degradation. 

12) 30 days. 

13) Fresh furnish, maximum 1 year. 

14) Within 1 month and 3 months. 

15) It is used anywhere from right off the truck to several weeks. 

16) 30-60 days max. 

17) 2 weeks can be storied up to 2 years. 

18) Unknown. 1 week. 

19) Typically 7 to 10 days old. 
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12. Resin costs - Please check one option: 

 
Figure 1: Resin costs. Note: 2 Participants skipped the question. 

 

13. What types of resin do you use and which one is most commonly used? 

1) Particleboard - MUF face and UF core (most common) NAUF - MUF 

2) UF, Melamyn, MUF, Phenolic, and MDI. MDI is most common. 

3) MUF in surface layers UF in core layers 

4) Melamine/Urea Formaldehyde 

5) pMDI with catalyst 

6) MDI and UF. MDI is the most commonly used 2009-2011 UF most commonly used 1996-

2008 

7) Phenolic Resin 

8) Urea-Formaldehyde (main), Melamine-Urea-Formaldehyde, Phenolic-Formaldehyde 

9) UF, fortified UF proprietary 

10) Face: Melamine-Urea Formaldehyde Core: Urea Formaldehyde 

11) melamine 

12) UF 

13) Urea Formaldehyde 

14) Urea-Formaldehyde & Melamine-Urea-Formaldehyde thermosetting resins. 

15) umF 

16) MDI 

17) Exclusively UF resin. 

18) MUF UF MF 

19) pMDI  
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14. How much resin do you use per year for each of your panel products? 

1) No response 

2) 8.5% of the core wood weight 

3) No response 

4) PB: roughly 40,000,000 pounds at 65% solids 

5) No response 

6) No response 

7) 70,000,000 lbs annually for all products 

8) MDI 2-4% on oven dried fiber UF 8-14% on oven dried fiber 

9) 12,000 ODT total 

10) 2010 usage = 900,000 lbs 

11) 1.5 million pounds 

12) No response 

13) About 15 million pounds for the mill. 

14) 18,000,000 to 20,000,000 lbs/yr 

15) Too many kind of panel products, we have an average of 55 kg/m³ 

16) No response 

17) 400000 gal. 

18) About 345 lbs solids per MSF 

19) Approx. 2,000,000 lbs, or 916,363 kg 

 

15. What resination system do you use? 

1) Drais KTTP 350 

2) Both blowline and after drier resination 

3) Blowline nozzles 

4) Blender, 

5) Blowline blending resin injection before the dryers 

6) Blowline blending (steam atomized application in the blowline) 

7) Atomizing nozzles, with mechanical blending. 

8) Custom dry resination system 

9) Littleford blenders 

10) Attrition mill blending 

11) Nozzles in Littleford blenders 

12) Injection into blowline 

13) Littleford Core Blender GT Zesor Face Blender "In-House" Addition 

14) Steam injection nozzles in blow line 

15) Blender 

16) Multiple injection in turbo blender 

17) Heated air atomized spray system with two stage blending 

18) Resin guns in a chute preceding an attrition mill blender 

19) Custom system. 

 



89 

 

16. Are you considering other resination systems?  

 
Figure 2: Other resination systems? 

  

This is a “yes or no” question. If the participant answered with “yes”, they were asked to provide 

further details. 

1) Yes. Always considering different resin systems as new technologies become available. 

2) Yes. Please explain - Shrink nozzle system. 

3) Yes. Proprietary info - cannot disclose. 

 

 

17. Do you verify the efficiency of the resination (particle/fibre coverage)?  

 
Figure 3: Verification of the resination efficiency. 

 

This is a “yes or no” question. If the participant answered with “yes”, they were asked to provide 

further details. 

1) Yes. Resin pumped into a static blender and then into Littleford blender through several tubes. 

Blending time is controlled by the pressure on the outfeed chute 

2) Yes. We use internal and external testing measures to ensure proper resination. 

3) Yes. Test are made by external institute 

4) Yes. NIR analysis developed through external institute Also monitor resin flow to ensure 

setpoints are being met 

5) Compare target usage to actual usage 

6) draw-down comparisons 
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18. Have you used imaging technologies to analyze the resination?  

 
Figure 4: Imaging technologies. 

 

This is a “yes or no” question. If the participant answered with “yes”, they were asked to provide 

further details. 

1) Yes. High resolution microscope images. Uses dye that interacts with the UF resin to highlight 

the coverage. 

2) Yes, dye based testing. 

3) Yes, have had analysis performed by third party lab. 

4) Yes, Blue marker technology using x-ray 

5) Yes, our R&D group had a university do some imaging. 
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19. Do you think the resination process can be improved?  

 
Figure 5: Improvement of resination process. 

 

This is a “yes or no” question. If the participant answered with “yes”, they were asked to provide 

further details. 

1) Always room to improve distribution and efficiency 

2) Possibly through different application areas in the blowline. 

3) No Response 

4) Anything can be improved 

5) Depends on available technology. 

6) It could/should be studied and I don't know that it has been done. 

7) It’s not perfect 

8) reduce resin pre-cure in dryer system 

9) No Response 

10) I do not know if my blenders are optimized for efficiency. 

11) Resination after drying 

12) Finding ways to improve homogeneity 

13) In order to improve efficiencies, it must be improved 

14) split flows with two blenders and two separate addition rates relating to chip geometry 

15) better atomization 

16) There is always room from improving the resination process. Better resin distribution provides 

a more consistent product and allows for resin add-on decreases which is financially beneficial. 

17) New system of resination are available on the market 

18) No Response 

19) Evaluating a different size blowline to improve distribution 
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20. Is the cleaning process of the resinator of concern?  

 
Figure 6: Cleaning of the resinator. 

 

This is a “yes or no” question. If the participant answered with “yes”, he/she was asked to provide 

further details. Following are the details that where provided by the participants in random order. 

1) Yes sometimes we have build up inside the blenders 

2) sometimes we have build up in the air transport system 

3) risk of sensitization to MDI 

4) Occasional clogging of the nozzles 

5) weekly cleaning 

6) Resin can build up in the blowline causing restrictions (requiring downtime for cleaning), poor 

resin distribution and quality problems. MDI tends to build up more in the blowlines that UF. 

7) Not of concern 

8) Not of concern 

9) Not of concern 

10) Substantial downtime cleaning blending system 

11) Occasionally resin nozzles will become plugged 

12) Not of concern 

13) Need to keep pipes clean 

14) Not of concern 

15) Not of concern 

16) Not of concern 

17) Not of concern 

18) Not of concern 

19) Not of concern 

 

21. Do you do in-house testing for panel properties? 

All participants answered the question with YES 
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22. How frequently do you test the panel properties?  

1) A LOT 

2) Hot tests consist of IB, MOR, MOE and VDP and are run on every product change and every 

two hours of long runs. Finished board tests comprise most of the res of the tests and are run 

on matching samples of hot tests and are run on two tests per day. 

3) Daily 

4) Every lot 

5) About once every 1.5 to 2 hours. 

6) 3 or more times per 8 hr shift of production 

7) No Response 

8) Every two hours or every product change, or every major process change 

9) QC - every 2 hours or every size change QA - minimum one/day, varies depending on QC 

values and products produced 

10) minimum 4 tests per days for mechanical properties and 3 tests per days for formaldehyde 

emission 

11) every 4 hours 

12) each shift 

13) Frequency varies based on product. Multiple times daily. 

14) Multiple times daily depending on the test 

15) Every 2 hrs for bond, every 8 hrs for full ANSI testing. 

16) lots 

17) every 4 hours typically 

18) Hourly. What I would like to know is how to reduce Linear Expansion and swell when my 

exterior MDF gets wet. This is a huge issue. 

19) During building material runs, we test once per shift 
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23. Based on your experience, which board properties are most correlated to the resin content?  

 
Figure 7: Correlation between board properties and resin content.  

Note: 1 Participant skipped the question. 
     

24. Please rate how important the following items are to your company 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Importance of various properties.  

 



95 

 

 

25. What parameters can be controlled during the resination process?  

 
Figure 8: Control parameters for resination process. 

     

 

1. Other - furnish (fractionated wood flow) 

2. Other - Resin temperature (important for MDI)  
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APPENDIX B: Sample Collection Instructions 

 

We would like to correlate the distribution of resin in furnish to board properties.  To do this 

in a way where a proper statistical correlation can be developed, we would have you collect a 

total of 15 samples of resinated furnish, as well as 5 boards which are made from the sample 

furnish.  For the furnish, please collect samples after they have come out of your blender, 

when resin has been deposited on the wood particles.   

 

 Please collect samples at regular time intervals, ensuring that the samples pulled can 

be matched to boards as they are pressed. 

 Each sample should be roughly a fist-full in volume.   

 Please place the samples in plastic bags and label them in numbered order, going from 

1 (first sample pulled) to 15 (last sample pulled). 

 After the boards made from the sample furnish are pressed, please mark and remove 

them from the line.  If possible, please label the boards in sequence from 1 (first board 

produced) to 5 (last board produced). 

 If possible, please remove the boards from the production line before they are painted 

or have surface treatments applied. 

 The 15 bags of resinated furnish samples can be shipped to: 

ATTN: Nick Lampert 

Wood Science and Engineering 

Oregon State University 

119 Richardson Hall 

Corvallis, OR 97331 

 The 5 boards can be shipped to: 

Jörn Dettmer, M.Sc. Candidate 

Department of Wood Science 

Forest Sciences Centre 

2900 - 2424 Main Mall 

The University of British Columbia 

Vancouver, B.C. Canada  V6T 1Z4 
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APPENDIX C: Image Preparation Macro 

 

NOTE: This is a macro written for ImageJ image analysis program. 

 

//This macro performs the bulk of image processing in ImageJ.  The general process flows as follows: 

// 1.) Open image 

// 2.) Identify wood in image by looking at reddened areas 

// 3.) Once indentified, quantify wood particles by area, position, and shape 

// 4.) Save outline image of wood particles for future reference 

// 5.) Save .CSV spreadsheet of quantified results 

// 6.) Identify resin in image by looking at bright, green areas 

// 7.) Once indentified, quantify resin particles by area, position, and shape 

// 8.) Save outline image of resin particles for future reference 

// 9.) Save .CSV spreadsheet of quantified results 

// 10.) Open next image 

 

 

//Show dialog box with program options, to make running program substantially easier 

Dialog.create("Resin Efficiency Macro Parameters"); 

Dialog.addMessage("Choose parameters to run macro with"); 

items = newArray("Analyze Set", "Calibrate Wood","Calibrate Resin"); 

 

Dialog.addRadioButtonGroup("Select Program Mode",items,1,3,"Analyze Set"); 

 

 

Dialog.addSlider("(RESIN) Minimum Green Threshold",0,255,40); 

Dialog.addSlider("(WOOD) Minimum Red Threshold",0,255,45); //default value based on calibration results 

Dialog.addCheckbox("Analyze just the selected image?",false); 

Dialog.show(); 

 

 

//Pull results from dialog options 

dir_input = Dialog.getString(); 

dir_IMGoutput = Dialog.getString(); 

dir_DAToutput = Dialog.getString(); 

 

progMode = Dialog.getRadioButton; 

if(progMode == "Calibrate Wood"){ 

 calibration_run=true; 

 calibrate_wood=true; 

} 

else if(progMode== "Calibrate Resin"){ 

 calibration_run=true; 

 calibrate_wood=false; 

} 

else{ 

 calibration_run=false; 

 calibrate_wood=false; 

} 

 

threshold_resin = Dialog.getNumber(); 

threshold_wood = Dialog.getNumber(); 

oneshot=Dialog.getCheckbox(); 

 

print("Analyzing with MIN_GREEN="+threshold_resin+", MIN_RED="+threshold_wood); 
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path = File.openDialog("Choose sample IMAGE from dataset"); 

 

dir_input = File.getParent(path); 

Fname = File.getName(path); 

dir_out_WoodImages = dir_input + "\\Wood_ID\\"; 

dir_out_ResinImages = dir_input + "\\Resin_ID\\"; 

dir_out_data = dir_input + "\\Data\\"; 

 

temp = split(Fname,"_"); //pull sample name 

SampleName = temp[0]; 

 

print("SampleName = "+SampleName); 

 

if(!File.isDirectory(dir_out_WoodImages)) { 

 print("Image output folders did not exist, creating folders now"); 

 File.makeDirectory(dir_out_WoodImages); 

} 

if(!File.isDirectory(dir_out_ResinImages)) { 

 print("Image output folders did not exist, creating folders now"); 

 File.makeDirectory(dir_out_ResinImages); 

} 

if(!File.isDirectory(dir_out_data)) { 

 print("Data output folder did not exist, creating folder now"); 

 File.makeDirectory(dir_out_data); 

} 

 

 

//Set which data we intend to collect for each identified object 

run("Set Measurements...", "area center shape redirect=None decimal=3"); 

 

if(calibration_run) { 

 print("File selected = "+path+" BEGIN CSV FILE:"); 

 print("Sample,Threshold,nParticles_Wood,SumArea_Wood,nParticles_Resin,SumArea_Resin"); 

 

 setBatchMode(true); 

 

 list = getFileList(dir_input); 

 

 for (i=0; i<list.length; i++) { //This loop cycles through all files 

  

 curStatus = i/list.length; 

 showProgress(curStatus); 

  

 if (endsWith(list[i],"tif") && startsWith(list[i],SampleName)) {  //make sure to skip any non-image files 

 

 t = split(list[i],"_"); 

 

 output_name= t[0] + "_" + t[1] + "_" + t[2]; 

 

  for(j=30;j<90;j++){ //This loop cycles through all threshold values 

//WOOD 

  if(calibrate_wood){ 

   open(list[i]); 

   run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

// 

   findWood(j); 

   run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Outlines 

display clear include in_situ"); 
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   sumAreaR = 0; 

   rResults = nResults; 

 

   for(m=0;m<nResults;m++){ 

    sumAreaR = sumAreaR + getResult("Area",m); 

   } 

  } 

  else{ 

//RESIN 

   open(list[i]); 

   run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

 

   findResin(j); 

   run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Outlines 

display clear include in_situ"); 

 

   sumAreaR = 0; 

   rResults = nResults; 

 

   for(m=0;m<nResults;m++){ 

    sumAreaR = sumAreaR + getResult("Area",m); 

   } 

  } 

 

//CLEANUP 

  for(l=0;l<nImages;l++){  close();  } 

 

  print(output_name+","+j+","+rResults+","+sumAreaR); //OUTPUT 

 

  } //end threshold for loop 

 

  } //end file check if statement 

  

 } //end file for loop 

} 

else if(oneshot){ 

 doSingle(path); 

} 

 

else{ 

 

 

 

print("Batch analysis started for "+SampleName); 

print("Resin cutoff="+threshold_resin+" :: Wood cutoff="+threshold_wood); 

 

 setBatchMode(true); 

 

 list = getFileList(dir_input); 

 

 for (i=0; i<list.length; i++) { 

 print("cycle="+i);  

 

 curStatus = i/list.length; 

 showProgress(curStatus); 

  

 if (endsWith(list[i],"tif") && startsWith(list[i],SampleName)) {  //make sure to skip any non-image files 

such as exposure settings 
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 t = split(list[i],"_"); 

 sname = t[0]; 

 indexA = t[1]; 

 indexB = t[2]; 

 filename = list[i]; 

 

 output_name= sname + "_" + indexA + "_" + indexB; 

 

     // FIND WOOD PARTICLES 

  open(filename); 

  run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

  findWood(threshold_wood); 

  run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Masks display clear 

include in_situ"); 

  

  nWoodResults = nResults; 

 

  saveAs("Results",dir_out_data + output_name+"_WOOD.csv"); 

  saveAs("PNG", dir_out_WoodImages + output_name +"-wood_loc.png"); 

  

     //FIND RESIN PARTICLES 

  open(filename); 

  run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

  findResin(threshold_resin); 

  run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Masks display clear 

include in_situ"); 

 

  print("Analyzed "+output_name+" :: #Resin = "+nResults+"  ::  #Wood = "+nWoodResults); 

 

  if(nResults==0){ setResult("NA",0,0); } 

 

  saveAs("Results", dir_out_data + output_name + "_RESIN.csv"); 

  saveAs("PNG", dir_out_ResinImages + output_name + "-resin_loc.png"); 

 

     //CLEANUP 

  for(l=0;l<nImages;l++){  close();  }  

  call("java.lang.System.gc"); 

 

 } //end file check if statement 

 else{ 

  print("No tif found for "+list[i]); 

 } 

 

 } //end for loop 

}//end else statement :: batch mode 

 

function doSingle(filename){ 

 

 fname = File.getName(filename); 

 t = split(fname,"_"); 

 output_name = t[0]+"_"+t[1]+"_"+t[2]; 

 

 // FIND WOOD PARTICLES 

  open(filename); 

  run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

  findWood(threshold_wood); 

  run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Masks display clear 

include in_situ"); 
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  nWoodResults = nResults; 

 

  saveAs("Results",dir_out_data + output_name+"_WOOD.csv"); 

  saveAs("PNG", dir_out_WoodImages + output_name +"-wood_loc.png"); 

  

     //FIND RESIN PARTICLES 

  open(filename); 

  run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

  findResin(threshold_resin); 

  run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Masks display clear 

include in_situ"); 

 

  print("Analyzed "+output_name+" :: #Resin = "+nResults+"  ::  #Wood = "+nWoodResults); 

 

  if(nResults==0){ setResult("NA",0,0); } 

 

  saveAs("Results", dir_out_data + output_name + "_RESIN.csv"); 

  saveAs("PNG", dir_out_ResinImages + output_name + "-resin_loc.png"); 

 

     //CLEANUP 

  //for(l=0;l<nImages;l++){  close();  }  

  call("java.lang.System.gc"); 

} 

 

//    Runs color thresholding to locate resin droplets in image. 

function findWood(thresh) { 

// Color Thresholder 1.46r 

// Autogenerated macro, single images only! 

 min=newArray(3); 

 max=newArray(3); 

 filter=newArray(3); 

 a=getTitle(); 

 

 run("HSB Stack"); 

 run("Convert Stack to Images"); 

 selectWindow("Hue"); 

 rename("0"); 

 selectWindow("Saturation"); 

 rename("1"); 

 selectWindow("Brightness"); 

 rename("2"); 

 

 min[0]=0; 

 max[0]=thresh; 

 filter[0]="pass"; 

 

 min[1]=0; 

 max[1]=255; 

 filter[1]="pass"; 

 

 min[2]=0; 

 max[2]=255; 

 filter[2]="pass"; 

 

 for (i=0;i<3;i++){ 

   selectWindow(""+i); 

   setThreshold(min[i], max[i]); 

   run("Convert to Mask"); 
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   if (filter[i]=="stop")  run("Invert"); 

 } 

 

 imageCalculator("AND create", "0","1"); 

 imageCalculator("AND create", "Result of 0","2"); 

 

 for (i=0;i<3;i++){ 

   selectWindow(""+i); 

   close(); 

 } 

 

 selectWindow("Result of 0"); 

 close(); 

 

 selectWindow("Result of Result of 0"); 

 rename(a); 

} 

 

function findResin(threshr) { 

// Color Thresholder 1.47v 

// Autogenerated macro, single images only! 

 min=newArray(3); 

 max=newArray(3); 

 filter=newArray(3); 

  

 a=getTitle(); 

  run("RGB Stack"); 

  run("Convert Stack to Images"); 

 

 selectWindow("Red"); 

  rename("0"); 

 selectWindow("Green"); 

  rename("1"); 

 selectWindow("Blue"); 

  rename("2"); 

 

 

 min[0]=0; 

 max[0]=255; 

  filter[0]="pass"; 

  

 min[1]=threshr; 

 max[1]=255; 

  filter[1]="pass"; 

 

 min[2]=0; 

 max[2]=255; 

  filter[2]="pass"; 

 

 for (i=0;i<3;i++){ 

   selectWindow(""+i); 

   setThreshold(min[i], max[i]); 

   run("Convert to Mask"); 

   if (filter[i]=="stop")  run("Invert"); 

 } 

 

 imageCalculator("AND create", "0","1"); 

 imageCalculator("AND create", "Result of 0","2"); 

 for (i=0;i<3;i++){ 
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   selectWindow(""+i); 

   close(); 

 } 

 

 selectWindow("Result of 0"); 

 close(); 

 

 selectWindow("Result of Result of 0"); 

 rename(a); 

} 
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APPENDIX D: Image Analysis Macro 

 

NOTE: This program is a macro written for ImageJ image analysis program. 

 

//This macro re-runs analysis based on edited mask images generated by previous macro 

//Looks at contrast between black and white, and quantifies detected particles 

//Does not save images, just saves results 

 

path = File.openDialog("Choose sample IMAGE from dataset"); 

 

dir_input = File.getParent(path); 

Fname = File.getName(path); 

dir_out_data = dir_input + "\\RevisedData\\"; 

 

temp = split(Fname,"_"); //pull sample name 

SampleName = temp[0]; 

 

print("SampleName = "+SampleName); 

 

if(!File.isDirectory(dir_out_data)) { 

 print("Data output folder did not exist, creating folder now"); 

 File.makeDirectory(dir_out_data); 

} 

 

//Set which data we intend to collect for each identified object 

run("Set Measurements...", "area center shape redirect=None decimal=3"); 

 

print("Batch analysis started for "+SampleName); 

 

setBatchMode(true); 

 

list = getFileList(dir_input); 

 

for (i=0; i<list.length; i++) {  

 

 curStatus = i/list.length; 

 showProgress(curStatus); 

 

 if (startsWith(list[i],SampleName)) {  //make sure to skip any non-image files such as exposure 

settings 

 

  t = split(list[i],"_"); 

  sname = t[0]; 

  indexA = t[1]; 

  indexB = t[2]; 

  filename = list[i]; 

 

  output_name= sname + "_" + indexA + "_" + indexB; 

  open(filename); 

  print("Analyzing "+output_name); 
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  run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel"); 

 

  run("8-bit"); 

  setAutoThreshold("Default"); 

  run("Convert to Mask"); 

  setThreshold(127, 255);  

  

  run("Analyze Particles...", "size=4-Infinity circularity=0.00-1.00 show=Masks display 

clear include in_situ"); 

 

  if(nResults==0){ setResult("NA",0,0); } 

 

  saveAs("Results",dir_out_data + output_name + ".csv"); 

 

  //CLEANUP 

  for(l=0;l<nImages;l++){  close();  }  

  call("java.lang.System.gc"); 

 } //end file check if statement 

 else {print("Failed filetype check, skipping file...");} 

  

} //end for loop  
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APPENDIX E: Data Treatment Script 

 

NOTE: This program was written for Processing.org, a Java environment. 

 

//This program takes a set of tabulated results from our ImageJ macro and collates them together 

//In the process, a new .CSV file is created which breaks out each image parameter into columns, so that 

we can do further 

//statistical analysis in Excel 

 

import java.io.File; 

 

BufferedReader reader; 

PrintWriter output; 

String line; 

 

void setup() { 

  selectInput("Select a file to process:", "fileSelected"); 

} 

 

void fileSelected(File selection) { 

  String fileToRead = "NA"; 

  String folderDir = "";  

  String file_end = "NA"; 

  int lasttime =0; 

  int dt=0; 

  File f; 

  if (selection == null) { 

    println("Window was closed or the user hit cancel."); 

    exit(); 

  } else {         

    //Parse filenames 

    String[] fileparts = split(selection.getAbsolutePath(), java.io.File.separator); 

    String sample_file_name = fileparts[fileparts.length-1]; 

    for(int x=0;x<fileparts.length-1;x++){ 

      folderDir=folderDir + fileparts[x] + java.io.File.separator; 

    } 

     

    String[] filenameparts = split(sample_file_name,'_'); 

    String output_file_name = filenameparts[0] + "_" + filenameparts[filenameparts.length -1]; 

    println("FolderDir="+folderDir); 

     

    output = createWriter(output_file_name); 

     

   // file_end=".csv"; 

     

    if(filenameparts[filenameparts.length-1].indexOf('-')<0){     

      file_end = "_"+filenameparts[filenameparts.length-1]; 

    } 

    else{ 

      file_end = "-resin.csv"; 
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    }//*/ 

     

    writeHeader();  

    for(int a=1;a<16;a++){ 

      for(int b=1;b<6;b++){ 

        fileToRead = folderDir+filenameparts[0]+"_"+a+"_"+b+file_end;         

        f = new File(fileToRead); 

        if(f.exists()){ 

          lasttime=millis(); 

          parseFile(fileToRead,a,b,filenameparts[0]); 

          dt = millis()-lasttime; 

          println("Appended "+filenameparts[0]+"_"+a+"_"+b+file_end+", time="+dt+"[ms]"); 

        } 

        else{ 

          println("ERROR: "+fileToRead+" DOES NOT EXIST"); 

        }         

      } 

    } 

     

    //Perform cleanup and end program 

    finishJob(); 

    exit(); 

  } 

} 

 

//This function will cycle through all the sample and subsample .CSV generated files, and collate as 

follows: 

//Open subsample .CSV 

//Read line from .CSV 

//Parse out line and filename into new columns 

//Save this parsed comma-delimited line into a new, constantly-running file 

//Repeat for _RESIN and _WOOD, into separate files 

 

void parseFile(String filepath,int ID_A, int ID_B, String samplename) {   

  int i=0;   

  boolean skipNextLine=false;   

  boolean ok=true; 

   

  reader = createReader(filepath); 

   

  while(ok){ 

    try { 

      line = reader.readLine();       

    } catch (IOException e) { 

      e.printStackTrace(); 

      line = null; 

      ok=false; 

    } 

    if (line == null) { 

      // Stop reading because of an error or file is empty       

      ok=false;       

    }  

    else if(line.indexOf(',')<0) { 
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       print("ERROR IN FILE: ");  

    } //skip if there is no data in line and flag error 

    else {       

      String[] pieces = split(line, ','); 

      if(skipNextLine){        

        skipNextLine = false;         

        writeBlankLine(samplename,ID_A,ID_B); 

      }  

      else if(pieces[1].equals("NA")){ skipNextLine=true; } //identify a blank file, and prepare for writing 

null entry 

      else if(pieces[1].equals("Area")){}//skip this line if we're reading a header  

      else { 

        output.print(samplename+","+ID_A+","+ID_B+","); 

        output.println(line); 

      }       

    } 

  }   

} 

 

void writeHeader(){ 

  output.println("SampleSet,Sample Number,Subsample Number,#,Area [px],X [px],Y 

[px],Circularity,Aspect Ratio,Roundness,Solidity");   

} 

 

void writeBlankLine(String sample, int a, int b){   

  output.println(sample+","+a+","+b+",1,0,-1,-1,-1,-1,-1,-1");   

} 

 

void finishJob(){ 

  output.flush(); 

  output.close(); 

  exit(); 

} 

 

void draw() { 

} 
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APPENDIX F: Location of Data 

 

All data used in this study can be found in the following locations on the attached USB drive, 

where “X” indicates the drive letter: 

 

Tabulated data file: 

“X:\Results.xls” 

 

Software used to process images: 

“X:\Software\” 

 

Unprocessed, original image directories: 

“X:\Images\Process-K\Original\” 

“X:\Images\Process-F\Original\” 

“X:\Images\Process-A\Original\” 

“X:\Images\UBC-7%\Original\” 

“X:\Images\UBC-9%\Original\” 

“X:\Images\UBC-12%\Original\” 

 

Processed image directories: 

“X:\Images\Process-K\Focused\” 

“X:\Images\Process-F\Focused\” 

“X:\Images\Process-A\Focused\” 

“X:\Images\UBC-7%\Focused\” 

“X:\Images\UBC-9%\Focused\” 

“X:\Images\UBC-12%\Focused\” 

 

Generated “Mask” image directories: 

“X:\Images\Process-K\Masks\” 

“X:\Images\Process-F\Masks\” 

“X:\Images\Process-A\Masks\” 

“X:\Images\UBC-7%\Masks\” 

“X:\Images\UBC-9%\Masks\” 

“X:\Images\UBC-12%\Masks\” 
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APPENDIX G: Calculation of Theoretical Coverage 

 

This appendix addresses the calculation of anticipated resin coverage in particleboard and 

fiberboard samples, in terms of number of resin droplets observed as well as resin coverage 

percentage.  The following variables are defined as: 

 

dw  = diameter of wood fiber or wood particle 

lw  = length of wood fiber or wood particle 

Vw = volume of given wood fiber/particle 

Aw = surface area of given wood fiber/particle 

 

Vr = total volume of resin applied to given wood fiber/particle 

dr = diameter of resin droplet 

Vd = volume of resin droplet 

Ar = projected area of resin covering given wood fiber/particle 

nd = number of resin droplets on given wood fiber/particle 

 

ρw = density of wood fiber/particle 

ρr = density of resin 

mw = mass of wood fiber/particle 

mr = mass of resin 

Xc = resin coverage ratio 

Xr = resin content 

 

First, we make the following assumptions: 

1) Each wood element (particle or fiber) is approximated as a uniform cylinder of 

diameter dw and length lw and average density ρw. 

2) Each resin droplet is approximated as a hemispherical volume of diameter dr. 

3) No resin droplets overlap. 

4) Resin and wood have uniform densities of ρr, and ρw, respectively. 
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Figure A: Simplifying geometry for theoretical coverage calculations 

 

To determine the amount of resin applied to the furnish, we can use the resin content and 

density of resin/wood as so: 

 

   
  

  
 

    

    
  [G.1] 

 

Rearranging, we can now determine the total volume of resin applied to the furnish as: 

 

       
  

  
  [G.2] 

 

To determine the number of droplets in the furnish, we divide the total volume of resin by the 

volume of resin in an average resin droplet: 

 

   
  

  
  [G.3] 

 

Combining with the prior equation, we get: 

 

   
    

  
 

  

  
  [G.4] 

 

The volume for the cylindrical wood fiber/particle is defined as: 

 

   
   

 

 
    [G.5] 

 

Resin Droplet, hemisphere of diameter dr 

Wood fiber/particle of 

diameter dw, length lw 
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While the volume for the hemispherical resin droplet is: 

 

   
   

 

  
  [G.6] 

 

Combining and reducing common terms, we arrive at Eqn. X: 

 

  
      

  
   

  
  

  

  
  [G.7] 

 

Because only half of these droplets will be visible due to the 2D nature of the microscope 

used, the actual number of droplets observed is: 

 

   
 

 
   

  
   

  
  

  

  
   [10] 

 

The observed resin coverage can be approximated using the number of droplets and geometry 

as: 

   
    

  
  [G.8] 

 

Where the area of each resin droplet is: 

 

   
   

 

 
  [G.9] 

 

And the projected area of the wood fiber/particle is: 

 

         [G.10] 
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Combining these equations with the previously defined number of droplets observed, we find 

the predicted resin coverage for a given resin content particle geometry and average droplet 

diameter to be: 

 

   
 

 
   

  
   

  
  

  

  
 

   
 

     
  [G.11] 

 

Simplifying: 

 

   
 

 
   

   

  
 

  

  
   [11] 
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Introduction 

 

Non-structural panels such as medium density fiberboard (MDF) and particleboard (PB) are 

commonly used interior building materials. These wood composite panels (WCP) are 

manufactured of wood fibers or wood particles, respectively, mixed with thermoset resins and 

other additives such as wax and dyes. The mixture, referred to as furnish, is formed into a mat 

and pressed to target thickness under pressure of 2-3 MPa at temperatures between 160 °C and 

200°C. PB and MDF are the most used non-structural engineered wood products for furniture 

and furniture parts in North America (Tabarsi et al. 2003). They are made up of between 88-

94% wood and about 6-12% resin and additives depending on composite type, resin, and 

application (A. N. Papadopoulos 2006).  

Since its introduction in approximately 1940, the properties of particleboard have been 

researched extensively.  Burrows (1960) defines resin efficiency as the “application of a 

minimum quantity of adhesive to wood particles, with resulting optimum physical properties 

in a pressed board”. It relates to the quantification and optimization of resin distribution on 

individual wood particles or fibers throughout the panel profile for a given resin loading 

(Maloney 1993). While determination of the overall resin content in panel products is 

relatively easy, the irregular shape of the wood particles and fibers makes the direct 

quantitative measurement of resin distribution in PB and MDF products difficult (Kelly 1977). 

Knowledge of the factors affecting the interaction between wood and resin in panel 

production, existing resin delivery technologies, and the technological understanding of 

micro-distribution of resin on and between furnish particles is imperative for increased resin 

efficiency. This could enhance panel properties and reduce resin consumption, leading to 

reduction in production costs and ultimately the survival of some of the non-structural wood 

composites companies in North America. 

Commonly used resins in the MDF and PB industry are urea-formaldehyde (UF), melamine-

urea-formaldehyde (MUF), phenol-formaldehyde (PF) and polymeric diphenyl-methane 

diisocyanate (pMDI) (Ruffing et al. 2010a). Resin is a major portion of the total production 

cost of wood composites.  Most resins are produced from fossil fuel derivatives, the price of 

which has been on a steady increase, and this has put board manufacturers under significant 

pressure to reduce manufacturing costs (Winchester 2006). For decades, UF and MUF resins 

file:///D:/Dropbox/Literature%20Review/Sources/Burrows%20-%201960%20-%20Some%20Factors%20Affecting%20Resin%20Efficiency%20in%20Wood%20Flakeboard.pdf
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have been the binder of choice. Their relative low cost, fast cure times, good bond strength, 

adaptability for various curing conditions, and transparency of cured resin makes them 

favorable for the production of MDF and PB. Their disadvantages are low moisture resistance 

and relatively high level of free formaldehyde left over from the resin polymerization reaction 

that may be emitted into the environment (Ruffing et al. 2010a). This free formaldehyde is a 

volatile organic compound (VOC) and is a known chemical irritant. Although free 

formaldehyde at low concentration is commonly present in the natural environment 

(background level), formaldehyde vapor at concentrations above 1 ppm causes eye, nose, 

throat and lung irritations (Pilato 2010). The US Environmental Protection Agency (EPA) 

classification for formaldehyde is “probable human carcinogen” (www.epa.gov, 2012). The 

fact that high exposure levels of formaldehyde cause sensory irritation of the eyes nose and 

throat, as well as the probable carcinogenic effect, causes regulatory agencies to closely 

monitor the allowed formaldehyde emission rates. Starting in the 1970s, UF resin bonded 

wood composite panels were identified as a major source for formaldehyde emissions. Even 

though the release of formaldehyde from UF resins was reduced by 80% to 90% between 1978 

and 2006, more stringent formaldehyde regulations are being established (Marutzky 2008). 

The pressures from agencies like the California Air Resources Board (CARB) combined with 

the resin cost challenge the wood composites panel industry to constantly improve the resin 

efficiency and reduce the formaldehyde emissions in their products.  

There are various image analysis-based ways to quantify the resin distribution in PB and MDF 

with most relying on natural or added markers to enable discrimination of wood from resin. 

Ormondroyd and Grisby (2002) analyzed Phenol Formaldehyde (PF) bonded MDF panels by 

using inductively coupled plasma emission spectroscopy to determine the sodium content of 

the PF resin. This method gave a fast and accurate analysis of the resin distribution in MDF 

panels. A 2001 study (Thumm et al. 2001) examined exposed sections of fractured MDF 

panels using scanning electron microscopy (SEM). In this study the resin was tagged with 1,4-

bis [5-phenyl-2-oxazolyl]-benzene (POPOP) at 5% loading, to determine the resin coverage of 

the MDF fiber. Scott (2001) used ultraviolet dye to measure the resin distribution with an 

image analysis system. X-ray CT-scanning has also been employed to evaluate and visualize 

macro-voids (Sackey and Smith 2010), as well as the determination of density profiles using 
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CT scanning (Standfest et al. 2008). A recent study used X-ray micro-computed tomography 

to visualize the distribution of MUF resin in PB (Evans et al. 2010). 

The rapid advancements in 3D and image analysis software produced tools and methods that 

can be employed to improve the measurement of resin distribution and further our 

understanding of resin micro-distribution. This knowledge may also help in improving the 

resin efficiency in PB and MDF production and to better understand the factors that are 

affecting the interaction between wood and resin in the wood composites production and 

existing resin delivery technologies.  
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Part 1: Board Properties, Formaldehyde Regulations and Trends in 

the Resin Industry 

1.1  Parameters and board properties affecting resin efficiency 

 

This section chronologically reviews articles and research papers that investigated the 

influence of manufacturing parameters and board properties on resin efficiency and the overall 

quality of PB MDF. This section gives an overview of the above-mentioned issues with 

formaldehyde emissions and trends that address them. 

 

Burrows (1960) performed a series of experiments in which the resin atomization produced by 

a spray nozzle was varied by changing the atomizing air pressure from 80 to 60 psi and 

properties of particleboard furnish coated with these different degrees of  resin atomization 

were measured. The objective of his study was to investigate the factors that were suspected of 

influencing resin efficiency of phenol-formaldehyde (PF) bonded boards. He examined furnish 

characteristics such as a function of moisture content, surface roughness and wood growth 

rate, as well as resin atomization. He used 1” x 4” Douglas-fir boards that were cut into 4” x 

4” blocks and randomly separated into 2 groups. The first set of blocks was conditioned at 

90°F and 90% RH. The other group was immersed in water and stored at 35°F. At the time of 

reducing the blocks to flakes, the first group had an average MC of 26% and the second group 

116%. After flaking (cutting strands from the radial edge of blocks, with a maximum of 1” in 

length and width and an average thickness of 0.015”), the furnish was dried to a MC of 9% 

and screened on a 2-mesh screen. After screening, the flakes were further divided into 

subgroups and 2 sub-groups were further air dried. 

Wet flaked (MC 116%) – dried to 9% MC – 2% resin 

Dry flaked (MC 26%) – dried to 9% MC – 2 % resin 

Wet flaked (MC 116%) – dried to 6% MC – 6% resin 

Dry flaked (MC 26%) – dried to 6% MC – 6% resin 

file:///D:/Dropbox/Literature%20Review/Sources/Burrows%20-%201960%20-%20Some%20Factors%20Affecting%20Resin%20Efficiency%20in%20Wood%20Flakeboard.pdf
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Burrows arranged the resin content/MC ratio as shown above to achieve a uniform MC of the 

mats. The furnish was blended in a batch-type mixer and the mats were hand-formed and 

pressed to 18” x 18” x 0.5” at 350°F and 250 psi. The thickness of the panel was controlled by 

using metal stops. No distinct differences in flake damage at different moisture contents at the 

time of flaking were found. No significant differences in surfaces quality were found for 

different moisture contents. However, it was found that flakes obtained from fast growing 

wood showed a smoother surface than flakes from slow-growth wood. Analyzing the glue 

bond of the pressed boards showed that some of the resin did not do any bonding, as it was 

embedded in fissures and cracks on the flake surface. Modulus of Rupture (MOR) and Internal 

Bond (IB) were measured and statistically evaluated to identify possible correlations to 

moisture content of the flakes at the time of flaking, degree of resin atomization and resin 

content. Burrows found that increasing the resin content from 2% to 6% increased MOR and 

IB but did not indicate if the increase was significant.  MOR was not significantly influenced 

by the degree of atomization. The results for IB were more complex. At 2% resin content the 

boards made with a fine spray had higher values than those made with the coarse spray; at 6% 

resin content the absolute value of IB was essentially twice that at 2%, but there was no 

significant difference between the IB values of samples made with either, coarse or fine spray.   

A 1970 study by Lehman (Lehmann 1970) using urea-formaldehyde (UF) resin with a furnish 

consisting of a mixture of 50% flakes and 50% particles of Douglas Fir (#9 Tyler mesh with a 

screen opening of 2 mm) had similar findings to Burrows earlier work. For the experiment 

Lehmann produced 24 particleboards with the following variables: board density (650 kg/m³, 

750 kg/m³), degree of resin atomization (fine at 60 psi and coarse at 20 psi) and resin content 

(2, 4 and 8%). For each experimental combination, 2 boards were produced. Lehman found 

that the MOR and modulus of elasticity (MOE) of boards increased rapidly when the resin 

content was increased from 2 to 4%. For the coarse spray the MOE increased from 336 Mpsi 

at 2% resin content to 458 Mpsi at 4% resin content and 517 Mpsi at 8% resin content. A 

similar increase was found for the MOR (1463 psi, 2557 psi, 2859 psi).  The effect of resin 

atomization and board density showed that fine atomization produced boards with stronger 

bending properties (MOE: 532 Mpsi at 8% RC and MOR: 3213 psi at 8% RC) and higher IB 

(fine: 230 psi, coarse: 200 psi). He concluded that resin efficiency is highly affected and 

controlled by degree of atomization of resin, resin content, and board density. The first two 
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factors primarily control the distribution and coverage of wood particles by the resin binder 

whereas density contributes to the efficiency of bonding. Regardless of resin efficiency, in the 

density range studied, static bending and thickness swelling approach optimum levels below 8 

percent resin content, but IB continued to increase with increasing RC.  

In 1974 (Halligan & Schniewind 1974), Halligan and Schniewind studied the moisture content 

on MOR, MOE and IB of a UF bonded particleboard. Their study consisted of manufacturing 

3-layer particleboard panels at 3 densities of 600 kg/m
3
, 700 kg/m

3
 and 800 kg/m

3
 with 

face/core resin levels of 4%/6%, 6%/9%, and 10%/10%, for a total of 9 combinations. They 

cut bending and IB samples from these panels and conditioned them at a range of different 

relative humidities ranging from 13 to 97% corresponding to moisture contents of 3 to 20%. 

Once the samples reached equilibrium the bending properties and internal bond strength were 

measured. They found that the strength properties, MOR and IB, increase from 2.5 reaching a 

maximum at about 6% and then decreasing thereafter with increasing moisture content. The 

MOE was different in that the maximum values were observed over a range of 2.5 to 5% MC 

after which MOE decreased with increasing MC. They performed a regression analysis of 

their data and fit cubic equations to be able to predict MOE, MOR and IB as a function of 

density and moisture content. The internal bond strength increased with resin content and 

density. It is interesting to note that at the low resin content there was no meaningful 

difference in IB for the three different densities whereas at the highest resin content there is a 

pronounced difference in IB values with the low density boards having IB strengths that are 

only half the IB strength of the higher density boards. Based on the data from Halligan and 

Schniewind, Figure 1 illustrates the IB as a function of density and face/core resin content. 

The authors conclude that the higher density boards use the resin more efficiently because the 

furnish elements are more highly compressed and in more intimate contact with each other 

than they are for the low density boards and thus require less resin to achieve the same bond 

strength.  
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Figure 1: Internal bond strength as a function of density and face/core resin content (based on 

data from Halligan and Schniewind 1974).  

They found that density is the main factor affecting the MOR at low moisture contents (MC) 

and conclude that MOR and MOE increase with density. The highest MOE of 826 Mpsi was 

found at MC=2.1%, Density=800kg/m, RC face=10% and RC core=10%. The highest MOE 

(4570 psi) was found at MC=5.1%, Density=800kg/m³, RC face=10% and RC core=10%. 

With increasing resin content the IB increases (highest of 149 psi at MC=3.9%, 

Density=800kg/m³, RC face=10% and RC core=10%). Closer flake-to-flake contact through 

increased density, improves the resin efficiency.  Summarizing the effects of relative 

humidity, there are two main factors:  

1. Higher density increases the degrading effects of moisture on MOR and MOE due to 

higher thickness swelling.  

2. Higher resin contents reduce the degrading effects.  

In regards to bending properties, the combination of high resin content and high density 

offered the best balance. For the IB at high moisture content, > 15%, this rule did not apply as 

low density and high resin content lead to the highest IB.  

Kelly’s (1977) “Critical Literature Review of Relationships between Processing Parameters 

and Physical Properties of Particleboards” is a review article that is an extensive summary of 
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the work that has been done to that date. He mentions that the resin is a major material cost 

and that achieving “optimum board properties with minimum adhesive consumption is the 

goal of all WCP manufacturers” and refers to this concept as resin efficiency. He points out 

that resin, deposited in inter-particle voids, does not contribute to the bonding of the particles. 

Minimizing these voids by increasing the density improves the board properties at a constant 

resin loading. Kelly also cites work by Carroll and McVey (1962) who examined the effect of 

prolonged post-mixing of the mixtures of resinated and unresinated furnish has a relatively 

limited impact on improving the resin distribution.  

Cassens et al. (1994) studied variations in selected properties of industrial grade particleboard. 

They measured and compared the IB, MOR, MOE, and face and edge Screw Withdrawal 

Resistance (SWR) of 3/8” thick M2 grade particleboard from 7 different production lines, 

representing 4 different manufacturers. All testing was done in accordance with ASTM 

D1037. One production line is located in the west of the United States and uses mostly 

ponderosa pine for furnish. The remaining 6 lines are located in the south-east and use 

southern yellow pine as the main furnish source.  The samples (2 boards per production line) 

were provided by a kitchen cabinet manufacturer that uses a supplier certification program to 

ensure that the boards meet the internal quality requirements. These include sanding marks, 

chatter, smoothness, large particles and pits. For quantitative screening, the board density is 

monitored and an IB test is performed if the material is questionable. The samples for each test 

were conditioned at 35% RH and 75°F. For the static bending tests 4 samples per board (2 

parallel and 2 perpendicular to the machine direction) were cut and samples for board density 

were cut from the ends of the static bending samples after bending testing. 4 samples per 

board were conditioned to equilibrium at 72°F and 36 % RH, measured and weighed. For IB 

testing, 5 samples per board. The face SWR specimens were prepared by gluing three 3” by 6” 

pieces together which resulted in a total thickness of 1-1/8”. A total of 6 specimens per board 

were produced and tested, using a 1-inch No. 10 wood screw. For the edge SWR test, 6 

samples per board (2.5” x 4.5”) were tested by withdrawing 1-inch long No. 6 sheet metal 

screws from the 4.5” long edges of each specimen. For MOE the range was 434×10³ psi as the 

highest value to a low of 317×10³ psi, corresponding to a range of 37% of the mean value. 

Similarly, a 39% increase from lowest to highest was discovered for the MOR (highest: 2590 

psi, lowest: 1860 psi). The average values for face SWR ranged from a low of 293 pounds to a 
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high of 422 pounds, a difference of 44%. The means for the edge SWR ranged from 95 to 160 

pounds, a difference of 60%. The equilibrium MC of the samples averaged 8.8% at 39% RH 

and 79°F to 12% at 68% RH and 79°F. The samples of one supplier showed a significantly 

higher linear expansion of 0.34% at 68% RH. The IB was the only board property that did not 

show a significant difference among the sourced samples, which according to the authors, is 

the one property that is used as a board strength indicator and most commonly monitored 

among furniture manufacturers.  

In 2004 Cai et al. (2004) studied the mechanical and physical performance of particleboard 

made from eastern red cedar. They evaluated VDP (vertical density profile), MOR, MOE, IB, 

Thickness Swell (TS), surface hardness and SWR with the processing variables being density 

(400, 500, 650 and 750 kg/m
3
), furnish (whole tree and pure wood) and mat construction 

(single- and three-layer). The furnish was made from small-diameter (average 28 cm) eastern 

red cedar logs from Oklahoma. For one furnish type, the whole trees, including bark, branches 

and needles were hammer milled through an 8mm screen and dried to 4% MC. To produce the 

second furnish type (pure wood), the pure wood logs (no bark, branches, or needles) 

underwent the same procedure. For the three-layer boards, the pure wood chips (8 mm screen) 

were further screened at 2 mm mesh size to separate fine and coarse particles. The particles 

were then mixed in a drum type blender with 1 % wax emulsion and 7 % UF resin (based on 

oven dry wood particle weight). Mat forming was done manually using a forming box. The 

face to core ratio for the 3-layer boards was 60:40. All boards were pressed for 6 minutes at 

180°C. One board each (55.88 cm long x 50.8 cm wide) was pressed for the following 

combinations: 

1. Whole tree, single layer, SG=0.5 

2. Whole tree, single layer, SG=0.65 

3. Pure wood, single layer, SG=0.4 

4. Pure wood, single layer, SG=0.5 

5. Pure wood, single layer, SG=0.65 

6. Pure wood, single layer, SG=0.75 

7. Pure wood, three layers, SG=0.65 
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 After conditioning the boards for one week at 25°C and 65% RH the following samples were 

cut according to ASTM D 1037 (ASTM 1999): 2 VDP, 4 MOE & MOR, 4 IB, 4 surface 

hardness, face SWR, and 1 TS.  

The compaction ratio of the panels was between 0.88 and 1.67 and the VDPs of the different 

boards show a similar curve at different mean densities. As expected, board 7 shows a more 

distinctive U-shaped density profile. The MOR and MOE increased with panel density. Cai et 

al conclude that density is a major factor affecting the mechanical and physical properties of 

the manufactured particleboard. For the furnish type, the linear expansion (LE) was the only 

property that was significantly affected. Three-layer particleboard performed better than 

single-layer particleboard in regards to MOE, MOR, IB and surface hardness. At 7% resin 

loading (UF resin), the boards did not meet the requirements for M3 grade particleboard for 

bending stiffness. The investigators suggest that improvements on the process parameters (e.g. 

resin loading and density) and processing techniques that deal with the high-silica content of 

the furnish could potentially use the low value eastern red cedar trees to produce marketable 

particleboard. 

In 2004, Xing et al. (Xing et al. 2004) investigated the effect of UF resin pre-cure on the IB of 

MDF. Differential scanning calorimetry (DSC) was used to quantify the degree of resin pre-

curing after blending. For this study, dried unresinated softwood fibers were mixed with 20% 

UF resin (based on oven dry wood fiber weight) in a lab sized rotary drum blender equipped 

with an internal spray nozzle. According to the authors, DSC scanning requires high resin 

content in order to identify the polymerization peak of the resin. MC of the mat was 20%, 

which is related to the high resin content. Immediately after blending, the first sample was 

retrieved from the blender to perform a DSC analysis and to press the first MDF panel. The 

remaining resinated fibers were sealed in a bag and stored at 25±3°C. At pre- set time 

intervals, 24 h, 48 h, 120 h, 168 h and 216 h, resinated fibers were taken to produce one MDF 

panel and one DSC sample per time interval. To produce the MDF panels at different stages of 

resin pre-cure, the mats were formed with a target density of 600 kg/m³ using a molding frame 

(460 mm x 560 mm). For the DSC, 10 measurements for each sample were scanned. For IB 

testing, all MDF panels were kept at 25°C and 65% RH prior to cutting.  
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It was found that the pre-cure process after blending at room temperature  (23°C) happens in 3 

stages, where stage 1 (the first 24hrs) and stage 3 (48 to 216 h) show a comparable rate of pre-

cure reaction. The second stage (24 to 48 h) shows a significantly higher pre-cure reaction.  

Xing et al. explain that the water in the UF resin lowers the concentration of reactants. Over 

time, the water diffuses into the fiber cell wall, which will increase the reaction rate (stage 2). 

Larger molecular chains are formed during the advancing curing process. This might be 

responsible for the lower rate of resin cure reaction (stage 3). The results of the IB testing 

show, that the IB decreases significantly during the first 24 hours. After 24 h, the IB in 

relation to time shows a linear decrease. The authors speculate that the UF penetration of the 

fiber cell walls during the first 24 h is responsible for the steep decrease of IB. Once the cell 

wall penetration is completed, the sole factor for the IB decrease is the resin pre-cure. Based 

on their results, Xing et al. derive the relationship between resin efficiency (  ) and pre-cure 

degree (P from 0-100%) as: 

IB = -0.0041 P + 0.4414         (1) 

and resin efficiency as: 

    
   

   
  x 100%         (2) 

where     is the IB at 0 hr after blending. Substituting Eqn. 1 into Eqn. 2 and rearranging 

produces an expression for resin efficiency in terms of resin pre-cure only (Eqn 3), i.e.,  

  = -0.93P + 100         (3) 

Semple et al. (2005) tested IB, MOR, MOE, density and SWR (face and edge) of 5/8” M2 

grade PB from 6 press lines of 4 different Canadian suppliers. They evaluated the effects of 

press line, machine direction and screw type on the physical and mechanical properties of 

particleboard. For each press line 5 replicate samples were acquired and cut into sub-panels. 

These panels were then conditioned for 2 weeks at 20 ± 1°C and 65 ± 5 % relative humidity 

(RH).  In order to avoid any location bias, the test specimens for each test were randomized 

for each sub-panel.   
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The results show that there was a highly significant effect of press line on panel density and 

strength properties. The density ranged from 650 kg/m
3 
to 710 kg/m

3
. For IB, samples from all 

press lines except one met the ANSI A208.1 standard, ranging from 0.42 MPa to 0.73 MPa. 

Semple et al conclude that the low IB of one press line is not related to insufficient 

compaction ratio, which is a common cause of low IB. This conclusion is based on the fact 

that the measured core density of the particular press line was within a tight range of 530 to 

545 kg/m^3. They suggest that other factors such as inadequate curing, non-homogenous resin 

distribution in the core furnish and/or resin content variation should be considered as a cause 

for the low IB. While the screw type affected the face SWR, it had no impact on the edge 

SWR.   

1.2  Formaldehyde regulations 

 

In this section, various international formaldehyde emission regulations are reviewed and 

compared.   

1.2.1 US Housing and Urban Development Agency  

 

The first regulation to limit the indoor formaldehyde exposure in manufactured homes in the 

United States was enacted in 1985. Until 2007, the US Housing and Urban Development 

Agency (HUD) was the only national regulatory agency restricting the formaldehyde 

emissions from WCPs. The emission limits set by the HUD standard do not include MDF 

panels and apply only to residential manufactured homes (Ruffing 2010a).   

1.2.2 CARB 

 

In March 1992, the California Air Resources Board (CARB) identified formaldehyde as a 

toxic air contaminant. Formaldehyde resin bonded WCPs were identified as a major source for 

formaldehyde emissions. As a result, emission standards were implemented in 2 phases. Phase 

1 (since 1 January 2009) and Phase 2, with more stringent emission limits, since 1 January 

2011. Table 1 shows Phase 1 and Phase 2 Formaldehyde Emission standards.  

Because of California’s important WCP market role, the CARB legislation is already affecting 

the US and international wood composite panel industry, as well as resin suppliers. On July 
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7
th
, 2010, a Senate Bill was signed, that will extend the CARB regulations to the entire US by 

January 1
st
, 2013 (Ruffing 2010a).  

1.2.3 European formaldehyde release regulations 

 

Since 1988, the European Standardization Organization began to developed emission limits 

for WCPs in compliance with existing regulations in Austria, Germany, Denmark, and 

Sweden. There are two classes for wood composite panels, E1 and E2. The E1 emission limits 

are also shown in Table 1 (Ruffing 2010a). 

1.2.4 Japan 

 

The Japanese building standard laws were updated in 2003. Emission class of the panel 

product, the type of habitable room, and the ventilation frequency form the base of the use 

restrictions. If a building component consists of multiple building materials, like doors, 

windows, or cabinets the testing is conducted on the finished product. That allows the use of 

high-emitting panel products for the panel core, if the surface is sufficiently sealed to restrict 

formaldehyde emissions (Ruffing 2010a). This method can reduce formaldehyde emissions 

from WCPs by up to 95% (Barry & Corneau 2006). 

file:///D:/Dropbox/Literature%20Review/Sources/Ruffing%20et%20al.%20-%202010%20-%20REVIEW%20OF%20UNITED%20STATES%20AND%20INTERNATIONAL%20FORMALDEHYDE%20EMISSION%20REGULATIONS%20FOR%20INTERIOR%20WOOD%20COMPOSITE%20PANELS.pdf
file:///D:/Dropbox/Literature%20Review/Sources/Ruffing%20et%20al.%20-%202010%20-%20REVIEW%20OF%20UNITED%20STATES%20AND%20INTERNATIONAL%20FORMALDEHYDE%20EMISSION%20REGULATIONS%20FOR%20INTERIOR%20WOOD%20COMPOSITE%20PANELS.pdf
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Table 9: Comparison of international formaldehyde emission restrictions for various board 

types (Ruffing et al. 2010a). Note the asterisks in the Japanese grades refer to F3-Star and F4-

Star, usually written as a capital F followed by 3 or 4 asterisks.   

Standard Product 

Numeric value 

(mg/m
3
) 

Approx. US large- 

chamber value 

(mg/m
3
) 

CARB Phase 1 HWPW 0.08 0.08 

 PB 0.18 0.18 

 MDF 0.21 0.21 

 Thin MDF 0.21 0.21 

CARB Phase 2 HWPW 0.05 0.05 

 PB 0.09 0.09 

 MDF 0.11 0.11 

 Thin MDF 0.13 0.13 

US (HUD) HWPW 0.2 0.2 

 PB 0.3 0.3 

Europe E1 All 0.12 0.14 (for HWPW 

and PB) 

 PB, MDF, OSB 8 mg/100g 0.1 (for MDF) 

Japan F*** All 0.5 mg/L 0.07 

           F**** All 0.3 mg/L 0.04 

 

A telephone survey conducted in 2008 (Ruffing et al. 2010b) showed, that the major North 

American resin suppliers consider regulatory institutions like CARB as the main driving force 

for the resin manufacturers’ “green resin programs”. 
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1.2.5 Formaldehyde emissions from solid wood 

 

A German study on formaldehyde emissions from solid wood (Meyer & Boehme 1997) 

investigated 5 different native German wood species regarding their formaldehyde emissions 

(Table 2).  

 

Table 10:  Formaldehyde emissions of solid wood at different moisture contents (Meyer & 

Boehme 1997). 

 Moisture content 

(%) 

Testing period 

(hrs) 

HCHO conc. 

(ppm) 

Beech 
53 

7 

360 

336 

0.002 

0.003 

Douglas-fir 
117 

9 

384 

240 

0.004 

0.005 

Oak 
63 

8 

360 

360 

0.009 

0.004 

Spruce 
42 

7 

384 

336 

0.003 

0.004 

Pine 
134 

8 

240 

360 

0.003 

0.005 

 

Comparison of these values shows that the highest emission rate, Oak at 0.009 ppm for an MC 

of 63%, is already one quarter of the maximum value of 0.04 ppm permitted by the Japanese 

F**** formaldehyde emission restriction. 

1.2.6 Discussion 

 

The issue of carcinogenic effects of formaldehyde on humans is controversial. The 

international Agency for Research on Cancer (IARC) rated formaldehyde as “carcinogenic to 

humans (Group 1)” based on “sufficient evidence in humans and sufficient evidence in 

experimental animals for the carcinogenicity of formaldehyde” (IARC, 2006). Golden 

(Golden 2005) and others (http://www.chimarhellas.com 2008) argue that the IARC’s decision 

to re-evaluate the cancer rating for formaldehyde is based on 30-60 year old studies. Figure 

shows the reduction of formaldehyde release of resins that are used in the WCP industry 

between 1978 and 2006 (Marutzky 2008).  
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Figure 2: Formaldehyde reduction for particleboard resins between 1978-2006 (Marutzky 

2008). 

 

In 2005, the European Formaldehyde Industry Association (FormaCare, sector group of the 

European Chemical Industry Council) and the Formaldehyde Council initiated new 

toxicological and cancer studies with the involvement of independent US and EU research 

institutes. 

 

1.3 Trends and alternative resin systems  

 

In this section an overview of different resin systems and methods to reduce the formaldehyde 

emissions of wood composite panels is presented.  

1.3.1 Crops oil derived resins 

 

A 2005 study by MDF Eisenreich (2005) has shown, that modified vegetable oils, especially 

maleinized and epoxidized oils, can be used to produce formaldehyde-free bio-based MDF. In 
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that study, a crop oil derived resin was used with wood, hemp, and flax fibers as the main 

fibers (75-85%) and hot-pressed into panels. The mechanical properties of these biocomposite 

panels were slightly lower than the required values.  

1.3.2 Lignin 

 

As a polyphenol, native lignin in wood has similar properties as phenol formaldehyde resin 

(PF). Technical lignin is mainly recovered as a byproduct in the pulp and paper industry. Thus 

far, the development of lignin-based adhesives has not had any commercial success. Currently, 

low chemical reactivity, dark color, long curing time, and high curing temperature makes them 

impractical for the composite panel industry (Pizzi & Mittal 2003). However, lignin has been 

used as a partial phenol substitute in phenol formaldehyde resin (E. Papadopoulos et al. 2010). 

During this study, researchers successfully replaced 50% of phenol with lignin to produce 

particleboard that met the industry standards in terms of mechanical and physical properties. 

1.3.3 Ultra-Low Emitting Formaldehyde UF resins (ULEF-UF) 

 

Ultra-Low Emitting Formaldehyde UF resins form a new class of resins that are able to pass 

the CARB phase 2 emission limits. These ULEF-UF resins are chemically optimized to reduce 

the formaldehyde emissions. Mixing UF resin with certain additives, called scavengers that 

directly bind with the UF, can reduce the formaldehyde emissions from WCPs by 2 to 10 

times. Typical additives are melamine and hexamine. The use of these additives is connected 

with higher resin cost (Athanassiadou et al. 2008) and it is uncertain if adding scavengers 

increases the time over which composite panels emit formaldehyde. A 2010 study raised 

concerns of higher formaldehyde emission rates from ULEF-UF resins at higher temperatures 

and relative humidity (Frihart et al. 2010). The study investigated formaldehyde emissions of 

ULEF-UF at 25°C and 35°C and at different relative humidity levels (30%, 75%, and 100%). 

The results show that the emissions far exceeded the CARB phase 2 limits at 100% relative 

humidity for both reference temperatures (25°C and 35°C).  
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1.3.4 pMDI 

 

Polymeric diphenyl-methane diisocyanate (pMDI) is the third most commonly used resin in 

North America (Dettmer and Smith 2011, unpublished results). Since their first introduction to 

the German particleboard market in the early 1970s, the importance of pMDI as a resin for the 

composite panels industry has grown tremendously. The capacity of the pMDI resins to form 

strong chemical bonds with wood results in several benefits when compared with UF resins: 

Reduced press temperatures, far better moisture resistance, low resin dosage, and superior 

physical properties of the panel. Negative aspects of using pMDI for composite panels 

production include higher cost, as well as health issues during the production of the resin (A. 

Papadopoulos et al. 2002). Although pMDI resins become practically inert once they are cured 

it is known that aerosolized liquid isocyanates can cause asthma and other respiratory 

problems (Healthy Building Network 2008). 

 

1.3.5 Soy-based systems 

 

Soy based adhesives have been used to produce wood composite panels for more than 70 

years. However, lower performance and high cost compared to formaldehyde-based resins, 

limited their use to niche products that did not require the physical properties that UF bonded 

composite panels offer (Informa Economics 2009).  

Heartland Resource Technology developed a soy-based protein resin that has been marketed 

since 2009. The company lists environmental friendliness, renewability, reduced 

formaldehyde emissions, and reduced need for petroleum-based materials as the major 

advantages of their product. The main markets are Hardwood Plywood (HWPW) and Oriented 

Strand Board (OSB) (Pilato 2010).   

 

 

1.3.6 Barriers reducing formaldehyde emissions 

 

Comparison of the regulations for formaldehyde emissions from WCPs on an international 

level shows that, except for the Japanese regulations, the emission rates are measured on raw 

(unfinished) panels. Most consumer products use composite panels with some sort of surface 
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finish or coating, rather than in their raw form. A 2006 study (Barry & Corneau 2006) 

investigated the emission barrier capacity of ten commonly used MDF and PB finishes. 

Results show that the most effective formaldehyde emission barriers are epoxy powder 

coatings. Epoxy powder coatings are commonly used for MDF panels and enables a 99% 

reduction of formaldehyde emissions to be achieved. A UV paint coated MDF sample reduced 

the formaldehyde emissions by 89%, whereas an acrylic paint reduced the emissions by 11%. 

The study also investigated the barrier effect of laminates such as HPL (High Pressure 

Laminate), a predominant laminate in the kitchen industry, where emissions were reduced by 

99%.  

1.3.7 Conclusion 

 

The CARB regulation and the IARC formaldehyde cancer rating has created new research 

opportunities in the area of formaldehyde-free resin systems, as well as optimizing currently 

used UF resin systems. Resin manufacturer already offer alternatives to UF resins and 

modified UF resin systems that comply with the various international emission regulations. 

However, problems with existing alternatives have to be addressed. The additional cost for 

alternative resins is a concern for the wood composites manufacturers. Resins that can be used 

with existing resin dispersion systems should be taken into consideration. The improvement of 

physical and mechanical properties of panels produced with alternative resins is another aspect 

that should be investigated. 

Resin manufacturers have to further the research on ULEF-UF resins that increase the 

formaldehyde emissions at higher temperatures and humidity. Results of new studies 

regarding the carcinogenic effect of formaldehyde on humans will affect the cancer rating of 

organizations like EPA and IARC that will also, down the line, affect the use of urea 

formaldehyde resins and their alternatives. 
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Part 2: Identification and Quantification of the Resin Distribution in 

MDF and PB 

Reducing resin costs is of great concern to manufacturers of fiberboard and particleboard.  It 

has been shown that the size and spread of resin droplets can affect resin efficiency [Burrows 

(1960) and Lehmann (1970)].  In order to determine the effects of process changes on resin 

efficiency, a method of identifying and quantifying resin distribution is required.  This section 

looks first at how resin can be identified, and then how resin distribution can be quantitatively 

determined.  

2.1 Methods of identifying resin distributions in MDF and PB 

When attempting to quantify resin coverage in samples of wood furnish, there are a plethora 

of imaging technologies available.  These methods can be classified by the spectrum of light 

or probing method which is being used, including white light microscopy, fluorescent 

microscopy, X-ray imaging, and electron beam microscopy.  Generally, as the energy of the 

probing medium increases, the volume or area of sample that can be observed decreases, with 

visible and fluorescent microscopy capable of fields of view on the order of several square 

millimeters, while X-ray and electron beam methods can probe samples down to the scale of 

molecules (Modzel et al. 2010). 

2.1.1 White-light microscopy 

 

“White light illumination” or conventional microscopy is perhaps the simplest tool used to 

identify resin distributions.  This method involves inspecting samples under visible light, 

where resin is distinguished from wood typically by color. Coverage of phenol-formaldehyde 

resin is commonly investigated with visible microscopy due to its dark, opaque color, but 

many resins used in PB and MDF industry tend to be translucent, making distribution 

measurements difficult to perform.  

2.1.2 Fluorescent Microscopy 

 

In fluorescent microscopy, a sample of wood and resin is illuminated with narrowly filtered 

ultraviolet (UV) light. Certain compounds or functional groups present on the surface of the 

sample will reflect the light with a shifted wavelength, and thus with changed color. This 
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phenomenon is known as fluorescence and is used to distinguish between surface features that 

otherwise show little or no color contrast under white light. The shifted wavelengths reflected 

by some resins or dyes can be observed and recorded under a microscope.  The wavelengths of 

UV light used typically range between 200 nm and 350 nm.  By studying the difference 

between how wood and resin respond to UV illumination, it is possible to identify resin 

distributions in the sample. 

The fluorescent effect is also employed in transmitted UV fluorescent microscopy, where UV 

light is transmitted through a thin, semi-transparent sample.  For such studies, samples are first 

carefully microtomed into thin slices (on the order of 10µm) and then viewed under a 

microscope.  Murmanis et al (1986) have shown this method to work well in studying phenol-

formaldehyde resin in hardboards, where the PF resin showed as opaque spots while the wood 

fluoresced around it. 

Another method used is epi-fluorescent microscopy, where UV light (typically from a mercury 

lamp) passes through a dichromatic filter before illuminating the sample.  The dichromatic 

filter allows the UV light to induce fluorescence at specific excitation wavelengths, while 

simultaneously blocking undesired wavelengths from returning to the viewer.  This method 

works well for larger fields of view, although depth-of-field and focus tend to be a problem 

(Modzel et al., 2010). 

Perhaps the most recent innovation in fluorescent microscopy is Confocal Laser Scanning 

Microscopy (CLSM).  This method involves using a UV laser to rapidly scan across the 

sample surface, simultaneously recording both an image of the fluorescence as well as a depth 

profile of the surface of the sample.  Because the laser provides a precise collimated beam of 

light through a confocal lens arrangement, CLSM produces distinct and focused images.  The 

detail which CLSM can resolve is limited primarily by the wavelength of light used (Cyr et al. 

2005). 

The largest difficulty with fluorescent imaging techniques is working with the various resins 

used in the wood industry, some of which are not naturally fluorescent.  As with conventional 

microscopy, fluorescent dyes and labeling agents are commonly employed to alleviate this 

problem, to varying degrees of success, as reported in the literature. 

Melamine based adhesives such as MUF have been shown to fluoresce on their own due to the 

melamine molecule, which made measuring resin distributions in MDF fibers possible (Cyr et 
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al. 2005). While phenol-formaldehyde resins do not fluoresce, wood does so strongly, so it is 

possible to identify resin without any treatment by observing opaque spots in the sample 

(Murmanis et al. 1986). 

Urea-formaldehyde does not fluoresce on its own, to address this there are multiple dyes 

which can be used with varying success.  Dyes used include acriflavine, safranin O, 

rhodamine B, touluidine blue O (also known as tolonium chloride), DAC, nitric acid, and 

Resorcin Crystal Violet, although these last three have been shown to produce negligible 

contrasts in fluorescence (Scott 2001). 

Acriflavine and rhodamine B have been used extensively in literature to chemically mark UF 

resin and wax before blending, with acriflavine-stained resin fluorescing green-yellow 

(530nm) and rhodamine-stained resin fluorescing red (590nm) (Grigsby & Thumm 2011).  

Grigsby and Thumm have successfully bonded acriflavine to UF resin during the resin 

manufacturing process, as well as binding rhodamine to furnish and have shown that 

acriflavine does not disassociate from the resin during pressing operations.  Loxton et al. have 

noted that by bonding these markers chemically, there is a reduced risk of dyes leeching out 

and contaminating results (2003). Scott has experimented with using acriflavine as a post-

blending dye agent, but ultimately could not clearly distinguish resin from wood (2001). 

Safranin O has been used to develop strong contrasts, by making UF resin fluoresce brightly 

compared to wood (Kamke & Lee 2007). 

Unlike the aforementioned markers, which have to be added to the resin or fibers before 

blending, toluidine blue O (TBO) and safranin O can be employed after blending of fibers 

with UF resin. TBO binds to both lignin and cellulose in wood, partially suppressing the 

fluorescence of wood while also shifting the normally green color towards a dark red (Yeung 

1998). Coincidentally, TBO also reacts with UF resin to induce a strong green fluorescence, 

where UF resin normally is transparent (Xing et al. 2004).  Xing et al note that this reaction 

also works after curing of the resin, making TBO an excellent staining tool for the finished 

panel samples. Many studies have been made that show the efficacy of distinguishing resin 

location in wood with fluorescent microscopy.  Sernek et al. have used epi-fluorescent 

microscopes with Safranin O stains to study UF penetration in beech wood, successfully 

determining a statistical correlation between moisture content and adhesive penetration 

(Sernek et al., 1999).  Modzel et al (2001) evaluated several imaging technologies for their 
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effectiveness in determining adhesive bondlines fiberboard, and found that fluorescence 

microscopy “provided the best contrast to distinguish resin from cell wall substance”.  Xing et 

al. used CLSM with TBO stain to find that resin coverage was “strongly affected by fiber 

size”.  Lastly, Youngquist et al. qualitatively determined that “good resin distribution” 

corresponded to high IB values in MDF boards using a transmitted UV fluorescent experiment 

(Youngquist et al. 1987).  

2.1.3 X-ray imaging 

 

X-rays can be used to investigate both internal features of furnish samples as well as 

determine the chemical composition of the surface of samples.  The concept behind X-ray 

imaging is that a sample is bombarded with high-energy X-rays, and a detector then measures 

how these X-rays are attenuated by the sample.  By mounting these X-ray detectors on a 

platform that can move, it is possible to create three-dimensional representations of the sample 

imaged. This process is known as x-ray based computed tomography (X-CT).   

X-ray imaging relies on differences in molecular weight of the substances investigated to 

create contrast. This presents a problem with wood and resin, as they have similar molecular 

weights. 

To address this contrast issue, Modzel et al. have used a chemical substitution for marking PF 

resins, where rubidium hydroxide replaces sodium hydroxide during the formation of the resin 

(Modzel et al. 2010).  In their experiment, adhesive bond lines of red oak, Douglas-fir, and 

hybrid poplar were investigated with X-ray microtomography (XMT).  They report that while 

this technique did allow them to produce acceptable results, there was a tendency for the 

rubidium to migrate out of the resin, somewhat confounding their images.   

To identify the resin, Modzel et al. formulated resin such that RbOH replaced NaOH in the PF 

recipe.  They noted that “Rubidium is in the same group of alkali metals as sodium”, but has a 

higher molecular weight, allowing for an increased contrast.  Specifically, the attenuation 

length changed to 2.05 µm versus 16.4 µm for NaOH at 1keV. 

Ultimately, they found that rubidium was “present throughout the specimen and not confined 

to the resin”, causing the 3D images produced to have low contrast. Still, XMT showed the 

bondline trend in 3-D, with the bondline appearing approximately where expected.  
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For UF based resins, it is possible to dope the resin with copper sulphate before blending.  The 

copper II ions in copper sulphate tend to bind to UF at temperatures up to 205°C, allowing 

copper sulphate to be used to investigate the entire pressing process (Evans et al. 2010).  

Evans et al. used this process to successfully quantify resin distributions in PB made with 

MUF resin using X-ray microtomography (XMT), and looking at the volume basis.  They also 

looked at porosity relationships and radiata pine, but did not vary pressing parameters.  The 

study focused primarily on imaging technique for PB and X-CT, and were able to produce 

clear cross-sectional images which were then stitched together to form 3D volume 

representation. Grigsby and Thumm attempted to use X-ray photoelectron spectroscopy (XPS) 

to identify UF resin in MDF fiber (Grigsby &  Thumm 2004). XPS works by measuring 

nitrogen contents on the surface of a sample, allowing for resin compositions to be quantified.  

In their paper, Grigsby and Thumm describe a method of scanning across the surface of 

resinated MDF fiber samples so as to create 2-D maps of resin distribution.  They found 

difficulty with this method in finding contrast due to the low nitrogen contents of the resin, 

and deemed XPS to be less desirable than other techniques, such as fluorescent microscopy.  

XPS could only provide low resolution and small field of views, and required multiple images 

to be taken to account for variability and the field of view limitation.  

Walther and Thoemen (2009) used XMT to 3-D image MDF samples to look at fiber networks 

and resin distributions.  In their experiment, iodine and barium sulfate were investigated for 

their ability to mark UF resin. Ultimately, they found that barium sulphate “agglomerated” 

into spots throughout the sample, seeming to separate from the resin applied.  The iodine, in 

comparison, appeared to be evenly distributed amongst the fibers.  Walther and Thoemen 

(2009) noted that XMT is an expensive procedure which could explain the lack of literature 

that utilizes XMT imaging. 

2.1.4 Scanning Electron Microscopy 

 

In Scanning Electron Microscopy (SEM), a sample is bombarded with an electron beam that is 

scanned across the surface.  The deflection of these electrons by atoms in the sample is 

recorded by sensors or by a phosphor screen, which then allow for the generation of an image 

of the sample. 
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Thumm et al (2001) used a method of cathodoluminescence combined with SEM to 

investigate UF resin in MDF furnish. Because UF resin does not provide a distinctive contrast 

with background wood particles, it is necessary to utilize a stain or marker agent.  In their 

experiment, Thumm et al utilized the chemical 1,4-bis[5-phenyl-2-oxazolyl]-benzene 

(POPOP).  This label agent was blended with the UF resin during the formulation of the resin, 

at a 5% loading ratio by mass.  After blending this modified resin and furnish, resinated 

furnish samples were prepared for SEM by applying a thin layer of gold.  To fully identify the 

resin distribution, two sensors in the SEM were utilized: one sensitive to the 

cathodluminescence created when the POPOP label was ionized with electrons, and another 

which was only sensitive to the gold-plating on the sample.  By overlaying the two images 

generated this way, it was possible to identify the location of resin in the sample. 

Further, Thumm et al. prepared boards and tested the mechanical properties to determine how 

POPOP affected these properties.  From their experiment, there appeared to be no measurable 

change in IB strength by adding POPOP. 

Ultimately, Thumm et al. suggest that this method of using SEM and the 

cathodoluminescence provided by POPOP provides an excellent technique to identify UF 

resin in MDF. 

2.2 Quantification of resin distributions 

After resin has been identified using a technique outlined above, it is necessary to quantify 

how the resin is distributed in a sample.  Just as with imaging techniques, there are many 

options available depending on the form of the image.  The following sections discusses 2-

dimensional and 3-dimensional image analysis techniques. 

2.2.1 2-D Image analysis 

 

Scott (2001) utilized a commercial image analysis system, the RDM100 produced by Eagle 

Analytical Company, Inc., to identify and quantify UF resin distributions in MDF furnish.  A 

“cube-based technique” was utilized to automate resin identification in images acquired using 

fluorescent microscopy.  In this, a 3 pixel by 3 pixel area in an image known to be resin was 

selected in software.  Once selected, the software automatically highlighted similar areas in 

each image.  This highlighted area was considered to be “resin spots”, and resin distribution 
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was calculated as the sum total area of these resin spots divided by the total image area, or 

field of view. 

2.2.2 3-D Volume analysis 

 

Evans et al. (2010) describe a method to quantify 3D volumes of resin and void distributions 

by utilizing Maximal Sphere Modelling.  This method involves attempting to place the largest 

sphere which can fit in any given volume.  The boundaries of each volume which these 

spheres filled were defined to be wherever there was a strong contrast.  This contrast was 

defined using thresholding, with filtering utilized before modeling to reduce noise. 

In their paper, Evans et al. also describe a technique to investigate isotropicity of a material by 

generating histograms of chord lengths in each orthogonal direction.  As with the maximal 

sphere method, chords were generated in the X, Y, and Z directions.  As each chord crossed a 

boundary, the length of the chord was recorded and a histogram of these lengths was 

generated.  Evans et al. (2010) mention that, if the material were truly isotropic, there would 

be no significant difference between the histogram plots of chord lengths in X, Y, and Z 

directions.  Conversely, if the material had isotropic orientation of wood or resin particles, one 

would see significantly longer chord lengths in a specific orientation.  

2.3 Discussion 

In order to maximize the effectiveness of the resin used in MDF and PB manufacture, it is 

crucial that the resin is uniformly distributed throughout the furnish.  To verify this 

distribution, imaging techniques are required which can identify and quantify resin 

distribution in a sample. 

No imaging technique is suitable for all resins; each resin has its own quirks and adjusts are 

necessary. PF resins can easily be identified using optical or fluorescent microscopy, while UF 

requires tagging agents to observe with these methods. CSLM provides some of the best 

images, including depth data and precise focus.  X-ray imaging allows for full 3d volume 

representations to be taken, although there are some concerns with properly tagging resin. 

After the resin has been successfully imaged, processing software can isolate resin coverage 

from wood and voids.  For 3-D images, success has been found using maximal-sphere 

modeling to quantify resin volume versus wood volume.  In 2-D images, an approach can be 
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taken where color or intensity contrast is used to determine what parts of the image are resin 

and wood.  Once this information is known, fractional areas can be computed and the resin 

distribution quantified. 

2.4 Conclusion 

 

As resin use continues to be a substantial portion of the cost to produce MDF and PB wood 

products, improving resin efficiency is crucial to the success of companies and the industry at 

large.  It has been shown that there are many techniques to improve or maintain board 

properties while reducing resin usage, such as spraying boards with finer resin droplet 

distributions. With increasing worldwide regulation of formaldehyde emissions, there is great 

opportunity for the development of new resin systems to replace currently used UF resin 

systems and for the optimization of those systems. Finally, there are a multitude of options 

available to identify and quantify resin distributions in MDF and PB furnish and boards, via 

the use of optical and fluorescent microscopy for surface measurements of distribution, or X-

ray microtomography for 3D images. 
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