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Abstract. The effectiveness of physical barriers against subterranean termites was evaluated in a 34-wk
field test in coastal Mississippi by installing Obex11, a commercial polyethylene flashing, and Termimesh,
a stainless-steel mesh in 3-ply 280mm (width) 3 450mm (length) cross laminated timber (CLT) walls.
Damage showed that both barriers performed significantly better than the no barrier control with respect to
termite damage as evaluated by visual rating and mud tube length. Obex11, however, like the no barrier
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control, was more vulnerable to attack by Ambrosiodmus minor (Stebbing), an invasive ambrosia beetle,
with both treatments exhibiting significantly longer bore trails than those found in Termimesh.

Keywords: Cross laminated timber, building envelope, termite barrier, invasive beetle, timber
durability.

INTRODUCTION

Cross laminated timber (CLT) is an engineered
wood product consisting of layers of lumber pro-
ducts perpendicular to each other that are glued
using structural adhesives and pressed to form a
solid panel. The introduction of the CLT product
standard, ANSI/APA PRG 320 (ANSI/APA
2018) in 2011 and its incorporation in the Interna-
tional Building Code (IBC) (International Code
Council 2021) and National Design Specification
for Wood Construction (American Wood Council
2018) in 2015 has focused people’s interest in
CLT as an alternative and hybrid material for
steel and concrete. As a biodegradable product,
CLT is susceptible to subterranean termite attack,
especially in warmer regions that have high
humidity and dampness. These termites depend
on moisture to attack wood and thus, maintain
contact with the soil or locate near areas where
water collects. Improper detailing and poor build-
ing construction design make conditions favorable
for termite infestations and should be prevented at
any cost (Peterson et al 2006). This problem also
currently limits the use of CLT walls to above-
ground conditions.

Hybrid construction system using steel and con-
crete for ground contact and timber for remaining
stories have been a common practice in mass tim-
ber construction to overcome biodeterioration and
moisture problems. CLT manufactured from lum-
ber boards treated with preservatives can be a
potential method to be used in ground contact or
close to the foundation to protect the buildings
from decay and termites. For wood preservation,
chromated copper arsenic (CCA) was a com-
monly used biocide until 2003, when residential
sales of CCA-treated wood were discontinued
due to the adverse effects of arsenic and chro-
mium on human health and the environment. This
led to the introduction of water-based preserva-
tives like micronized copper azole (MCA), which

has low corrosion and leaching rates (Lebow
2004). Research has shown that the mechanical
properties of CLT and the bonding performance
of adhesives can be degraded due to preservative
treatment (Lim et al 2019; Lim et al 2020).

Water-shedding materials like simple paint films,
water repellents, urethane coatings, and others
can be used to prevent fungal and insect attacks.
However, they must be chosen and utilized cau-
tiously as their performance depends on the appli-
cation and their durability (Wang et al 2018).
Such materials can fail over time when the wood
gets exposed to leaks and/or external weather
conditions and thus, render the wooden members
more susceptible to termites and fungal decay. A
study to investigate the effectiveness of using
polyurea coatings against termites was conducted
in Hawaii. Results showed that such coatings pro-
vided limited protection against termites, as the
coatings degraded over time due to weathering
(Konkler et al 2019).

Physical barriers like Termimesh, a commercial
product made from stainless steel with fine open-
ings, have been tested in the past and proven to
be effective against termites. Grace et al (1996)
conducted a 1-yr field test in Hawaii in 1995
using susceptible 250mm 3 85mm 3 18mm
wood specimens in closed bags made out of
Termimesh and found that the steel mesh had
protected the wood from attack by Coptotermes
formosanus Shiraki, an introduced species of
aggressive subterranean termite. Various stainless-
steel mesh tests were conducted in Arizona, FL,
Mississippi, and South Carolina in 1993 (Kard
1998). After running the test for 4-5 yr, no termite
damage was seen on the 50mm 3 100mm 3
450mm southern yellow pine (SYP) wood speci-
mens that were fully wrapped with stainless-steel
mesh up to 375mm height and inserted 225mm
deep into termite-infested soil while exposing
75mm wood at the top. Similarly, in another setup
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designed to simulate access created by pipes pass-
ing vertically through a concrete slab foundation,
no termite attack was seen after 5 yr of exposure
(Kard 1998). In this setting, each pine sapwood
block was placed inside a PVC pipe (100mm
diameter) that passed through the center of a small
concrete slab (50mm 3 500mm 3 500mm).
Thus, the only layers separating the pine sapwood
block from the soil was the standard vapor barrier
(600mm 3 600mm) directly under the slab and
the stainless-steel mesh (600mm 3 600mm)
placed between the vapor barrier and the soil
(Kard 1998).

Plastic physical barriers can prevent termite
attacks and have been researched for a long time,
but this method seems to work until the mem-
branes start to wear and tear by weathering. Vari-
ous forms of plastics were studied against
termites in the laboratory in Australia (Gay and
Wetherly 1969). The research showed that poly-
vinyl chloride in their rigid or semirigid forms
and high-density polyethylene membranes were
very resistant to termites but vulnerable when
plasticized to use as tape or insulant. Research
conducted in Japan using a new laboratory
method of testing the termite resistance of plas-
tics showed that nylon polyamides were resistant
to termites (Tsunoda et al 2010). While plastic
membranes have been seen to be effective
against termites in these tests, they can cause
moisture to accumulate, which promotes decay
and other moisture-related problems. Recently,
various forms of self-adhering and nonadhering
plastic membranes such as TERM, Pango wrap,
and so on are being manufactured to protect
wood against moisture and termite attack. How-
ever, limited independent field studies have been
conducted to investigate their utility and feasibil-
ity for mass timber building construction.

A few other studies have been conducted to assess
termite damage on CLT, but the prevalent data
are limited to small-scale specimens. For exam-
ple, a laboratory study (Franca et al 2018) using
C. formosanus collected from Mississippi was
conducted on 100mm 3 100mm 3 25mm
(499 3 499 3 199) CLT specimens following mod-
ifications from the American Wood Protection

Association (AWPA) E-1 standard (AWPA
2020). The modifications related to the size of
samples, containers, termite numbers, and dura-
tion of the test, all of which were necessary to
incorporate the heterogeneous design elements of
the CLT into the test sample compared with plain
sawn lumber. This 8-wk laboratory study showed
that CLT made from spruce-pine-fir exhibited
slightly less percent mass loss (6.0%) than
untreated SYP sapwood (7.0%) but both products
had greater mass loss than that recorded for CCA-
treated pine (3.9%) (Franca et al 2018). AWPA
E-21 (2015) provides guidelines to conduct a full-
size commodity field test that evaluates perfor-
mance of wood products set on the open ends of
concrete blocks against termites for interior appli-
cations. Stokes et al (2019) used the E-21 test to
expose 3-ply CLT specimens (1699 3 499) at a
coastal Mississippi field site with inspections at
12 and 24mo. Visual ratings of the CLT showed
increasing levels of attack over time by subterra-
nean termites (primarily native Reticulitermes
species). By 24mo, termite mud tubes covered
the base of the CLT, and attack was severe
enough that a putty knife could be manually
pushed through the wood. These laboratory and
field tests show that CLT is highly susceptible to
damage by subterranean termites.

The standard building envelope described in
the North American CLT handbook consists of
rain screen cladding/siding, insulation, weather-
resistant barrier (WRB), and self-adhering flashing
from the exterior to the wall’s interior (FPInnova-
tions 2010). IBC Section 2304 (International Code
Council 2021) and International Residential Code
(IRC) Sections R317 and R318 (International
Code Council 2021) and recommend, but do not
require, the use of multiple protection systems
against termites, such as preservative treatment
and/or physical barriers. Untreated CLT walls are
suited for interior above-ground use but building
codes do not have enough field data to incorporate
such physical barriers in the wall envelope to
ensure protection against termites. Therefore, the
goal of this experiment was to conduct a field per-
formance evaluation of two types of physical bar-
riers (plastic membrane and stainless-steel mesh)
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against insect attack in a simplified CLT wall
envelope system. Only physical barriers, spacers,
and sidings were used to represent the CLT build-
ing envelope. To accelerate the experiment, the
concrete blocks required in the AWPA E-21 were
not used, and sill plates used to anchor the CLT
walls to the ground were taken off the CLT panels
after 18 wk of installation. Because of the large
size of the specimens and the short field exposure
(34 wk), the length of termite tubes, beetle trails,
and number of beetle holes were reported in addi-
tion to visual rating scores. The results suggest
that the selection of physical barrier and proper
installation method can be a solution against insect
attack in mass timber construction that places
CLT on a foundation near the soil line instead
of using insecticide and preservative treatment.
In addition, the installation methods developed
here, could provide insights on producing CLT
panels with built-in physical barriers during the
manufacturing process.

MATERIALS AND METHODS

Materials

Two lumber stacks, each consisting of 128 pieces
of 2430mm long visually graded No. 2-23 6
(38mm 3 140mm) SYP sapwood lumber, were
supplied by Shuqualak Lumber Co. located in
Mississippi. A commercial primer solution diluted
with 10% water by volume and Loctite PUR-
BOND polyurethane adhesive were used to glue
the CLT laminate (Loctite 2020). Hardie cement
board 1200mm 3 2400mm 3 8mm (4899 3
9699 3 0.31299) was cut to the final size to fit the
CLT panels, ie 280mm3 450mm (1199 3 1899),
and were used as siding for the envelope. Alumi-
num C-section spacers of 19mm 3 19mm 3
450mm (3/499 web 3 3/499 flange 3 1899 length)
were used to hold the sidings to the CLT panels
using 32mm screws. A 300mm wide 3
16,750mm long roll of Obex11 was used as the
plastic physical barrier. It is a 0.15mm thick poly-
ethylene membrane that contains a chemical blend
called Termirepel to repel termites and consists of
a yellow and black surface. According to the man-
ufacturer’s installation guide, the membrane’s

yellow surface was exposed to the exterior. A
914mm wide 3 9140mm long Termimesh roll
was used as steel mesh physical barrier in the sec-
ond treatment group, which consisted of 0.18mm
thick TMA 725 stainless-steel wire mesh. The
apertures on this mesh are 0.45mm 3 0.66mm
wide, through which foraging worker termites
cannot penetrate. The specimens installed with
Obex11 and Termimesh were labeled with the let-
ters P (for plastic) and S (for steel), respectively,
followed by the specimen number (eg P1, P2 and
S1, S2). The control specimens with no physical
barrier were indicated with the letter C, followed
by the specimen number.

Cross Laminated Timber Manufacture

The lumber boards were planed twice by 1.6mm
on each flat surface to a final dimension of
31.75mm 3 140mm (1.2599 3 5.599) and sub-
jected to the application of primer within 6h of
planing. Primer was applied at a rate of 21.53 g/m2

(2 gm/ft2) to the gluing faces of the laminates.
After 10min of primer application, glue was
spread to the primed laminates at a rate of
129.17g/m2 (12g/ft2). The assembled CLT lami-
nates were pressed under 0.75MPa (110psi) for
150min following the adhesive product specifica-
tions (Loctite 2020). Three CLT panels (1 per
treatment) were made per batch by dividing lum-
ber boards as shown in Fig 1. Laminates with
same color indicate that they were obtained from
same board resulting in identical CLT specimens
across the treatment groups. The surface laminates
were assembled such that the sapwood (as opposed
to the pith) was exposed on both sides of the panel
as shown in Fig 2.

Cubes (25.4mm 3 25.4mm 3 25.4mm) were
cut from each board to calculate the MC and
oven-dry specific gravity (SGoven-dry) in accor-
dance with ASTM (2016, 2017) standards,
respectively. The average MC and SGoven-dry of
the lumber were 10.2% and 0.45, respectively.
The average MC of the boards used in CLT
manufacturing was within the optimum MC range
of 126 3% recommended in the CLT handbook
(FPInnovations 2010). A total of 30 CLT panels
of final size 96mm 3 280mm 3 450mm were
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manufactured and stored for a week under indoor
ambient conditions before the envelope layers
were installed.

Envelope Construction

For the purpose of this study, the only envelope
layer added to the CLT panels was a cement
board siding, installed via aluminum spacers to
create a 19mm air cavity. Instead of treating the
two faces of the CLT panels as exterior and inte-
rior side of a building, the siding was installed on

both sides. This setup gave an advantage of add-
ing extra surface area to test the termite resistance
of physical barriers. Also, this configuration sim-
plified the construction process and negated the
extra work of building a different interior wall
envelope layer on the inner face of the CLT panel.
The other standard building envelope layers were
omitted from the experiment as they would pro-
vide little or no resistance against termites com-
pared with the chosen physical barriers that are
manufactured specifically for termite protection.
The 30 CLT panels were divided into three

Figure 1. Lumber layout to manufacture one batch of cross laminated timber (CLT) specimens.

Figure 2. 2D drawing of a CLT envelope specimen.
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treatment groups: Obex11, Termimesh, and con-
trol (no barrier). The physical barriers were cut to
two final sizes: 150mm 3 580mm (699 3 2399)
and 300mm 3 400mm (1299 3 1699) for easier
wrapping. The 150mm 3 580mm wide piece
was wrapped along the narrow edge of the panel
and the 300mm 3 400mm piece was wrapped
along the wider faces of the panel to a height of
150mm and stapled. The two pieces of barrier
overlapped the 95mm thickness of the CLT at the
bottom and 25mm at the corners where spacers
were screwed afterward. This height was chosen
based on the Obex11 manufacturer specification
of 152-178mm vertical fold after laying the mem-
brane underneath the sill plates/brick ledger of the
wall (Obex11 2023). A self-adhering aluminum
tape was used to seal the edges of the CLT, which
limited termite exposure only to the faces of the
panels. Spacers and sidings were screwed to the
CLT panels using two screws per spacer: one on
the top and one on the bottom. All the joints
between spacers and CLT and spacers and siding
were sealed with silicone. The top of the speci-
men was covered with an acrylic sheet, which
was also glued to the panel with silicone for easier
inspection from the top without moving the
panels. The CLT envelope installation procedure
is demonstrated through Fig 3(a)-(d). The control
specimens were prepared similarly to the treat-
ment groups except that they did not have any
physical barrier. To keep the CLT specimens
upright, sill plates made from MCA-treated SYP

lumber were entirely wrapped with the self-
adhering aluminum tape and fixed to the CLT
specimens using angle brackets and screws.

Field Installation and Damage Evaluations

A timeline of field activities is depicted in Table 1.
The finished CLT envelope specimens were
anchored to the ground using edge metal stakes
and deployed at the USDA Forest Service Harri-
son Experimental Forest, Saucier, MS, near the
Gulf Coast, where risk hazard for subterranean
termite infestation is typically severe (Peterson
et al 2006). The CLT specimens (n 5 10 per
treatment) were laid out in a randomized com-
plete block (RCB) design as shown in Fig 4. Sur-
face investigations were carried out during each
inspection to look for damage to physical barriers
and the presence of mud tubes. Specimens were
also overturned to evaluate termite activities at
the soil level. As there was no evidence of ter-
mites or mud tubes on specimens at 18 wk, sill
plates were removed, and specimens were rein-
stalled in their original positions. For the final
inspection at 34 wk, specimens were taken back
to the laboratory, and envelope layers were care-
fully dismantled. Physical barriers were visually
examined for wear and tear, and the CLT was
evaluated for attack from subterranean termites
and wood-boring beetles.

For termites, final evaluations included number of
live termites observed and a wood damage visual

(a) (b) (c) (d)

Figure 3. Envelope installation (a) CLT with Termimesh barrier, (b) CLT with Obex11 barrier, (c) CLT edges sealed with
aluminum tape, and (d) a complete CLT envelope specimen with spacers and cement board cladding.
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rating (VRtermite) based on the grading system
outlined in the AWPA E21 full-size commodity
test for interior use applications given in Table 2
(AWPA 2015). Specifically, each panel was rated
on both vertical faces, then averaged to give one

visual rating for the replicate. In addition, the
length of mud tubes on both vertical faces sides
was recorded, then summed to give one mud tube
length (MTHtermite) per panel replicate. For wood-
boring beetles, the number of holes observed

Table 1. Timeline of field activities.

Events Date Week Activities Observations

Installation 04/01/2021 0 1. Randomized complete
block (RCB) design

2. Specimens anchored to the
ground using metal stakes

None

First inspection 07/02/2021 12 1. Specimens overturned
2. Surface inspection around

the corners and bottom

Termites present underneath
the sill plates

Second inspection 08/16/2021 18 1. Inspection
2. Sill plated removed
3. Specimens reinstalled at

original position

No termite damage on panels;
termites active underneath
specimens

Third inspection 10/15/2021 26 1. MC of control specimens
measured using pin-type
moisture meter

2. The top acrylic cover
removed

Termite tubes, patches of
termite damage, and
moisture damage seen in
specimens

Final inspection 12/09/2021 34 1. Samples dismantled for
visual rating assessment

2. Live termites and beetles
counted and collected for
identification

Termite damage on control
panels and one steel mesh
panel; beetle damage on all
groups; Obex11 punctured
by beetles

Figure 4. Field installation of CLT specimens in an RCB design (33 10 rectangular array with 1200mm spacing between
specimens and rows) at the test site in Saucier, MS.
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from both vertical faces and the base was
recorded then summed to give one value (NHbee-

tle) per panel replicate. BBbeetle and ABbeetle were
the number of holes below and above barrier (or
150mm for controls), respectively. The length of
visible bored trails was also recorded and
summed to give one value (BTLbeetle) per panel
replicate. Termite soldiers and adult beetles were
collected and preserved in 70% ethanol for taxo-
nomic identification. Termite soldiers were identi-
fied to genus using a key (Scheffrahn and Su
1994), whereas adult beetles were identified to
species by Terence Schiefer, Curator of the Mis-
sissippi Entomological Museum at Mississippi
State University.

Nonparametric Statistical Analysis

The effect of treatment on measured responses
(VRtermite, MTHtermite, NHbeetle, BTLbeetle, BBbeetle,
and ABbeetle) were analyzed in SAS 9.4 (SAS
Institute 2013) using the Kruskal–Wallis test of
Wilcoxon scores (rank sums). Once the Kruskal–
Wallis test showed a significant difference in mean
ranks among the three groups, a pairwise, two-
sided, and multiple comparison test was conducted
using Dwass, Steel, Critchlow–Fligner method at a
significance level of p, 0.05.

RESULTS AND DISCUSSION

A first inspection at 12 wk showed some termite
activity on 14 specimens. The termites had not
yet attacked the wood even in the case of control
panels. The aluminum flashing, which wrapped
the sill plate, was preventing moisture movement
between soil and wood and appeared to deter

termites due to heat build-up from the summer
sun. Since this was intended to be a short-term
field test, the sill plates were removed at 18 wk.
Mud tubes were seen during the third inspection
at 26 wk. A few of the top acrylic sheet covers
were cracked and came off during the inspection,
so all acrylic sheets were removed. Five of the
control specimens were attacked by termites, and
mud tubes were seen on panel surfaces. Speci-
mens with Obex11 did not show any signs of ter-
mite damage, whereas in one of the specimens
installed with Termimesh, one mud tube was seen
that traveled from the soil level up the full height
of the barrier and onto the upper wood face of the
CLT specimen. A pin-type moisture meter was
used to measure the MC of the control specimen
panels, which was 16% and 28% at the top and
the bottom, respectively (Table 3). Thus, even
though subterranean termites in laboratory studies
prefer wood with high MC greater than 79%
(Nakayama et al 2005; Gautam and Henderson
2011) and cannot sustain feeding on wood with
less than 24% MC, attack and conspicuous dam-
age in the field are possible as long as the wood is
close to FSP (about 23% for SYP).

Termite Damage

The two soldiers collected were identified (Schef-
frahn and Su 1994) as Reticulitermes species and
were most likely either R. flavipes or R. virginicus,
both of which occur in abundance at the test site.
At test termination (34 wk), only the control speci-
mens had active live termites with up to 10 ter-
mites in a specimen and an average of two termites
per panel. The average VRtermite of the control,
Obex11, and Termimesh groups were: 8.9, 10,

Table 2. Visual ratings of termite damage according to AWPA E21 (AWPA 2015).

Rating Description

10 Sound
9.5 Trace, surface nibbles permitted
9 Slight attack, up to 3% of the cross-sectional area affected.
8 Moderate attack, 3-10% of the cross-sectional area affected.
7 Moderate/severe attack and penetration, 10-30% of the cross-sectional area affected.
6 Severe attack, 30-50% of the cross-sectional area affected.
4 Very severe attack, 50-75% of the cross-sectional area affected.
0 Failure
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and 9.9, respectively, with Obex11 and Termimesh
showing significantly less damage than the control
(Fig 5[a]). All control specimens except one
showed signs of termite damage indicating greater
susceptibility of CLT panels without physical bar-
riers to termite infestation. Summing mud tube
length provided another measure of the differences
in termite activity among the three treatments. The
average MTHtermite of the control, Obex11, and
Termimesh groups were: 24.5, 0.5, and 5.5 cm,
respectively (Fig 5[b]). This suggests that there
was little to no termite activity on the Obex11
compared with the Termimesh treatment, and the
greatest termite activity on the controls. Statistical
analysis, however, only detected significantly
lower MTHtermite in the control group with no sig-
nificant difference between Obex11 and Termi-
mesh treatments. Since nonparametric statistics
tends to have lower sensitivity, it is possible that
differences between the Obex11 and Termimesh
may have been resolved with more replication and
longer field exposure.

Figure 6(a) shows typical termite damage seen on
the CLT from the control treatment. After scraping

away the mud tubes (traces of the mud tube outline
remain in the photo), the wood damage was
revealed and began at the bottom of the CLT near
the soil line and progressed upward with channels
eaten through the sapwood. Damage was quite
conspicuous in almost all of the control specimens
but because of the large size of the panels, the
assigned visual rating values were always less than
10% of surface area affected.

Figure 6(b) shows one Termimesh specimen that
was found with a mud tube that ran from the soil
line all the way to the top of the CLT panel, a dis-
tance of 55 cm. This was atypical since no mud
tubes were found on any of the other Termimesh
specimens. Therefore, even though termites could
not penetrate Termimesh, they were capable of
finding their way to the wood—in this case, by
climbing 150mm across the barrier upwards to
the unprotected wood. The wooden specimens
tested in Hawaii showed that the termites were
able to make their way to the wood through a
gap created by a fold in the corner of a wooden
specimen wrapped with Termimesh (Grace et al
1996). However, the termite attack was due to an

Table 3. Percent MC at top and bottom surfaces of control specimens at 26 wk.

Specimen C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
Average
MC (%)

MC at top (%) 14 15 17 19 16 14 17 14 18 16 16
MC at bottom (%) 26 25 26 28 29 29 28 27 30 28 28

Figure 5. Mean termite (a) VR and (b) MTH. Different lowercase letters within a plot indicate significant differences among
treatments. Bars denote6 SE.
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installation error and not related to the barrier’s
height. A better comparison in terms of barrier
height is a 5-yr field test deployed in Arizona, FL,
Mississippi, and South Carolina within the United
States by Kard (1998). Kard (1998) used 450mm
long wooden stakes wrapped with stainless-steel
barrier to a height of 150mm above ground and
found no termite damage, as assessed by percent-
age attack on wooden blocks, at any of their field
sites. One possible explanation for the difference
between our Termimesh results with that of
Kard’s (1998) could be the presence of the outer
wall envelope in our study. The wall envelope
created a closed dark space (air cavity) with
increased dampness, thereby protecting the ter-
mites from the sun and desiccation while they
constructed their mud tubes and consumed the
underlying wood. Regardless of test method,
proper installation of the stainless-steel mesh bar-
rier is essential when designing building envelope
layers. In addition, the barrier height needs to be
further researched as 150mm did not guarantee
termite resistance in all Termimesh specimens
when the CLT was in contact with the soil.

As mentioned in Cross Laminated Timber Manu-
facture section, the bottom edge of both Obex11

and Termimesh panels were wrapped with the
barriers and then sealed with aluminum flashing.
Even though termites were present under the
panels, no termite damage or mud tubes were
seen on any of the specimens in the Obex11
group. It appeared that the blend of essential oils
and plastic sheeting of the Obex11 prevented the
termites from climbing across or puncturing the
barrier. In previous lab studies, it was seen that
termites were not able to chew through amor-
phous polyamide plastic material, such as pipes
and bars, but were able to deteriorate the low-
density polyethylene plastic sheets. However, it
should be noted that these tubes and bars were
thicker and harder (1 and 6mm) (Tsunoda et al
2010) compared with Obex11, which resisted ter-
mites despite its small thickness (0.16mm).

Furthermore, the use of insecticides in plastic
membranes was found to be effective against ter-
mites in previous research (Gay and Wetherly
1969). Recently, weather resistive barriers like
Pango wrap that offers termite protection through
the integration of copper compounds are also
available commercially in the United States. But
there remain uncertainties about their in-use
serviceability as not enough field studies are

Figure 6. Damage (a) from a typical control specimen and (b) in one Termimesh specimen, where termites had constructed a
mud tube from the soil line up to the top of the panel and attacked the wood at the top of the CLT.

125Neupane et al—FIELD EVALUATION OF PHYSICAL BARRIERS



reported. The same holds true for Obex11 even
though the presence of essential oils were able to
keep the termites away from the CLT despite their
exposure to the weather of coastal Mississippi.
Termite repelling membranes similar to Obex11,
can be a more ecofriendly solution against ter-
mites compared with soil insecticides and mem-
branes that use toxic chemicals. The essential oils
present in Obex11 are plant-based, which further
lowers the use and manufacture of toxic chemi-
cals, contributing to sustainable construction.
Since this field test was only 34-wk long, the
durability and serviceability of Obex11 for more
prolonged exposure times still needs further
research. Nevertheless, the use of physical bar-
riers blended with essential oils/nonpoisonous
chemicals seems to be a promising solution
against termites compared with the use of paints,
water-repellants, films, or coatings of polyurea,
which can deteriorate over time (Konkler et al
2019).

Beetle Damage

An unanticipated phenomenon in this field test
was the presence of ambrosia beetles in the CLT
specimens and their ability to chew through the

Obex11 membrane. Even though the chemicals
and plastic membrane of the Obex11 successfully
repelled termites and kept them off the exposed
faces of CLT, the Obex11 failed to deter these
wood-boring beetles. The three collected adult
beetles were identified as Ambrosiodmus minor
(Stebbing). These beetles have heavily sclerotized
mouthparts that chewed through both the mem-
brane and wood to create round-shaped entry
holes that led to bored trails within the wood (Fig
7[a]) or sandwiched between the wood and the
panel base, which was wrapped first with the
membrane and an outer band of aluminum flash-
ing (Fig 6[b]). Sawdust from bored trails was also
often observed accumulating between the mem-
brane and the wood near the soil line (Fig 7[a]).
In addition, a few CLT specimens in the Obex11
group showed delamination (Fig 7[b]) due to
swelling from moisture trapped by the membrane.
This moisture accumulated due to rainfall and
higher humidity inside the air cavity.

Averages of NHbeetle were 1.9, 1.7, and 0.8 for
control, Obex11, and Termimesh with no signifi-
cant difference among totals for treatment groups
(Fig 8[a]), although a difference was apparent
when hole position was taken into account.

Figure 7. Damage seen in a typical Obex11 specimen showing (a) two beetle puncture holes through the membrane (accumu-
lating sawdust below) and into the face of the CLT near the soil line, and (b) one beetle puncture through the membrane, a
bored trail along the CLT base, and laminate separation caused by swelling from trapped moisture.
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Control and Obex11 groups had significantly
higher BBbeetle averages (1.3 and 1.0 holes,
respectively) near the bottom edge or below the
barrier height compared with 0 holes for Termi-
mesh (Fig 8[b]). Number of holes above the
barrier height (ABbeetle), however, was not signifi-
cantly different among the three treatments (0.5,
0.7, and 0.8 for control, Obex11, and Termimesh,
respectively) (Fig 8[c]). Thus, these wood-boring
beetles could not chew through or otherwise pen-
etrate the Termimesh wherever it covered the
wood, but neither Termimesh nor Obex11 pro-
tected the wood above the barrier. Nearly all
beetle holes were no more than 75mm above the
barrier, suggesting that there is a requisite

minimum wood MC for attack by A. minor, as
there is for subterranean termites and decay fungi
(Nakayama et al 2005; Wang et al 2018). The sig-
nificant difference in beetle hole positions below
the barrier also explains the differences in bore
trail length, which were only visible at the base of
the CLT panels. The averages of BTLbeetle were
1.4, 1.6, and 0 cm for control, Obex 11, and
Termimesh, respectively, with Termimesh signi-
ficantly less than either control or Obex11
(Fig 8[d]).

Research has shown that certain species of beetles
(eg Japanese beetles) are attracted by essential
oils, such as citronella oil, camphor oil, coffee,

Figure 8. Mean beetle (a) NH (b) BB (c) AB and (d) BTL. Different lowercase letters within a plot indicate significant differ-
ences among treatments. Bars represent6 SE.
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and grapefruit oil (Youssef et al 2009). Manuka,
phoebe, and cubeb oil lures have been used to
attract redbay ambrosia beetles (Kendra et al
2018). We speculate that one or more of the nine
essential oils (cedar oil, cinnamon oil, citronella
oil, eugenol, geraniol, lemon grass oil, geranium
oil, mint oil, and peppermint oil, each at 0.01%)
present in the Obex11 acted as a beetle attractant.
Field tests with baited sticky traps containing the
essential oils present in Obex11 could be an inter-
esting future research project to identify specific
beetle attractant(s). The bright yellow color of the
Obex11 may have also served as a visual cue, but
since it was covered by the wall envelope, it
seems unlikely that color was involved. Further
research will need to be done to ascertain the cor-
relation between Obex11 and beetle activity.

Ambrosia beetles are an invasive species that
were first detected in 2011 in Florida and have
been slowly expanding their range from the
Atlantic coast of northeastern Florida to the Gulf
coast of Mississippi (Schiefer 2018). In this study,
beetles were detected using Lindgren funnel traps
hung on bald cypress that used 50/50 mixture of
70% ethanol and ethylene glycol as attractant
(Schiefer 2018). Our experiment, on the other
hand, demonstrates that the beetles have become
established enough in the area to appreciably
infest closed CLT walls made up of SYP lumber
that was in contact with the soil and had increased
MC. Another serious concern, aside from the
bore hole and trail damage to the wood, is that A.
minor carries a white-rot fungus, Flavodon subu-
latus, which it introduces into the wood it infests.
This beetle-associated, white-rot fungus is aggres-
sive and has been shown to cause significant
weight loss of wood at rates faster than that of
other naturally occurring wood decay fungi
(Kasson et al 2016). This was further complicated
by the fact that Obex11, being a plastic mem-
brane, was holding moisture and causing
swelling-induced delamination of the CLT lami-
nates. Both factors would favor invasion and
growth of decay fungi capable of compromising
the mechanical strength of the CLT panels
(Neupane 2021). In addition, the beetle-chewed
holes in the plastic membrane barrier are large

enough to compromise membrane integrity by
providing entry points for termites to access to
the underlying wood. Thus, the conditions that
can prevent a multifront attack by beetle, fungi,
and termite on CLT certainly warrants future
investigation, especially in coastal regions of
southeastern United States, where A. minor and
Reticulitermes species overlap range and where
fungal decay hazards are high.

CONCLUSIONS

The effectiveness of using Obex11 and Termi-
mesh as barriers for subterranean termites (Reti-
culitermes spp.) were evaluated in a short-term
(34 wk) field test in coastal Mississippi, where
environmental moisture was allowed to penetrate
CLT panels faced with a simple wall envelope
system. Barriers were wrapped around the base of
the CLT and extended 150mm up the CLT faces.
Like most wall envelope systems, a thin air cavity
separated the wall envelope from the CLT. In this
study, the use of such a cavity seems to promote
insect activity by creating a favorable shaded
humid space in CLT proximity. Because of the
large size of the CLT and proportionately less
overall damage, visual ratings along with termite
counts and mud tube lengths were measured to
compare treatment groups. An unexpected result
was damage caused by an invasive wood-boring
ambrosia beetle (A. minor), which has been
expanding its range in southeast USA. Beetle
attack was evaluated by number of bored holes,
hole position, and trail lengths.

Data showed that Obex 11 protected the CLT
against termite damage in all 10 panels but failed
to protect the panels against attack by wood-
boring beetles (A. minor). It is possible that one
or more of the essential oils used as termite repel-
lents acted as a beetle attractant. Although termite
damage had not yet occurred in the Obex11 treat-
ment, the beetle-chewed holes clearly compro-
mised the integrity of the membrane and were
large enough to give termites and other organisms
access to the underlying wood. Moreover, other
researchers have found that A. minor inoculates
wood with an aggressive white-rot decay fungus
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(F. subulatus), which under favorable conditions
of temperature and moisture, would cause more
structural damage to the wood than the beetle
itself. The Obex11 treatment also trapped enough
moisture to cause CLT delamination. Separation
of the laminates reduces mechanical strength
properties of engineered mass timber and provides
more entry points for wood destroying organisms.

Data for Termimesh showed protection in 9 out
of 10 replicates, but in the 10th replicate, termites
were able to circumvent the barrier by construct-
ing a long mud tube that crossed above the
150mm high barrier and continued to the top of
the panel (450mm from the soil line), where dam-
age was found. In addition, beetle damage never
occurred where the Termimesh actually covered
the wood. Neither termite nor beetle could physi-
cally chew or otherwise penetrate the stainless-
steel mesh due to its hardness and restrictive
mesh size. However, a 150mm barrier height was
not adequate to provide 100% protection above
the barrier against either termite or beetle as long
as wood moisture was conducive to insect attack.

This field test of physical barriers has shown that
it is possible to protect CLT walls from termites if
suitable material and installation method are cho-
sen. However, further in situ research is needed to
ensure that compound(s) that are successful at
repelling one wood attacking species do not in
fact attract another. Durability, moisture, and bar-
rier height are some of the areas that can be fur-
ther researched to investigate the effectiveness of
using physical barriers in a CLT wall envelope
system. Barriers that are flexible, permeable, self-
adhering, and have insect repellency can be an
effective solution against wood-degrading pests.
These findings can further lead researchers and
CLT manufacturers to seek innovations on inte-
grating physical barriers to CLT panels during the
manufacturing process, thus reducing the installa-
tion complications and cost during mass timber
buildings construction.
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INTRODUCTION

Among the main parameters describing the
response of a material under dynamic loading are
dynamic moduli of elasticity and damping coeffi-
cients (Bucur 2006). Due to their high correlation
with static moduli (r 5 0.82) (Karlinasary et al
2008), and with the modulus of rupture (r5 0.90)
(Hassan et al 2013), dynamic moduli of elasticity
are used to predict the strength and stiffness of
wood (Hein and Brancheriau 2018; Fern�andez-
Serrano and Villasante 2021), wood-based com-
posites (Hamdan et al 2010; Wang et al 2012),
and standing trees (Wang et al 2001; Mora et al
2009). Density (r) and dynamic moduli of elastic-
ity are used to calculate the acoustic impedance
and the sound radiation coefficient (Wegst 2006;
Ahmed and Adamopoulos 2018), and (in combi-
nation with the damping coefficient tan d) to
determine the acoustic conversion efficiency
(Hossen et al 2018; Danihelov�a et al 2019). All
these vibro-acoustic parameters are used for the
selection of quality material for musical instru-
ments (Wegst 2006; Bucur 2016; Ahmed and
Adamopoulos 2018; Hossen et al 2018; Tronchin
et al 2020). The dynamic parameters for the
above-mentioned applications are determined
using nondestructive tests (NDT) (Wang et al
2012). Among these NDT methods, the frequency
resonance technique (FRT) is one of the most
used. This method excites, detects, and analyzes
the natural frequencies of the mode shapes arising
on the oscillating specimen (Bucur 2006;
Br�emaud 2012; Baar et al 2016; Hamdan et al
2018; Teles et al 2018). The frequency of these
oscillations depends on the material properties, the
geometry of the tested specimen, and the way
it is fixed. The bending dynamic modulus of
elasticity (MOED) of longitudinal-tangential and
longitudinal-radial bending mode shape, shear
modulus, and Young’s modulus is calculated from
the first modes of certain oscillation shapes (bend-
ing, torsion, and longitudinal) (Bucur 2006;
ASTM E1875–20 2020). From the amplitude
decrease of free oscillations over time, the loga-
rithmic decrement of damping (LDD) is deter-
mined, and the damping coefficient tan d is further
derived from it (Baar et al 2016). The FRT can be

used on specimens of various dimension ratios,
but standard ASTM E1876 states that the ratio of
length to minimum cross-sectional dimension
with a value of at least five (5) must be main-
tained, and a ratio of 20:25 is preferred (ASTM
E1876–15 2016). Depending on the sensitivity of
the measuring device, and the method of oscilla-
tion excitation, the FRT can be used on small
samples (Cristini et al 2022), through sizes corre-
sponding to standards for static laboratory tests
(Yang et al 2003), and up to beams and logs
(Papandrea et al 2022). Besides the described
FRT, which is used for small to large samples, the
dynamic mechanical analysis (DMA) method can
serve for the assessment of small to micro speci-
mens (Salm�en et al 2016; Pizzo et al 2018). Dur-
ing the DMA, the oscillating force is applied to
the clamped sample, and its response in time is
analyzed (Menard 2006). From the force and dis-
placement data, the storage modulus (ES), which
represents the elasticity, and the loss modulus
(EL), which represents energy loss by the internal
friction, are determined (Pizzo et al 2018). These
two components are used to determine the
dynamic modulus of elasticity (complex modulus)
as the ratio of stress and deformation (Menard
2006). The phase shift between the stress input
and the strain response is the damping coefficient
tan d, and it is calculated as the ratio of EL and ES

(Br�emaud et al 2011). The main use of DMA is to
observe the effect of environmental changes (tem-
perature and RH) on the measured parameters of
tested materials (Menard 2006). The test para-
meters (span length, deflection, loading force, and
loading frequency) are also factors influencing the
results (Ashaduzzaman et al 2020). The size of
DMA samples is defined by the type of loading
and the associated span of clamps, the internal
dimension of a heating or climatic chamber, and
the type of device used (Peng et al 2008; Chowdh-
ury et al 2010; Kaboorani and Blanchet 2014).
The MC is the factor frequently observed affecting
the viscoelastic properties of wood. Below the
FSP (approximately 30% MC), an increase of MC
of wood causes a rapid decrease in dynamic mod-
uli, and a significant increase in the damping coef-
ficient (Bucur 2006; Matsunaga et al 2000; Lu et al
2012). Further increases above the FSP will not
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cause significant changes in the dynamic moduli
(Bucur 2006, 2016; Barrett and Hong 2010;
Nocetti et al 2014). For the FRT, the influence of
increments of MC above FSP on the damping
coefficient tan d has not been described yet (Barr�e
et al 2018). For the DMA, an increase of the
damping coefficient tan d was found when the
MC increased above the FSP (Goken et al
2018). The main difference between the above-
mentioned methods is the frequency at which the
sample oscillates. The FRT is focused on individ-
ual resonant frequencies and the area of interest
starts at the frequency of the first mode shape. The
response in the case of impulse excitation is a
combination of all the rising mode shapes
(depending on the sensing and excitation point,
and sample support). During continuous excita-
tion, a frequency sweep is used to find the fre-
quencies of resonance peaks, so the individual
modes are separated (ASTM E1876–15 2016;
ASTM E1875–20 2020). The frequency range of
DMA starts basically in the static area (0.001Hz)
and ends, depending on the device used, at a fre-
quency of approximately 100Hz. Using a fre-
quency sweep, the goal is generally not to find
resonance peaks (on the contrary, resonance peak
is undesirable for data collection), but to show the
change in material response (Menard 2006). As
the loading frequency increases, the material loses
time to relax, and its behavior changes from vis-
cous to elastic. Higher frequencies result in an
increase in the dynamic modulus, while causing a
reduction in the damping coefficient (Menard
2006).

In this paper, MOED and corresponding damping
coefficient tan d, obtained using FRT and DMA,
were compared on the same specimens made from
different species and with different MC. The cho-
sen sample size was a compromise meeting the
maximum sample size for a DMA device and the
ratio of the length to minimum cross-sectional
dimension stated by the ASTM standard for FRT.
In the case of comparable results, it would be possi-
ble to combine these methods in the future and
predict parameters for a wide scale of wooden pro-
ducts with various dimensions. For an even wider
use including green wood, it is also necessary to

focus on deepening the knowledge about the influ-
ence of MC on dynamic parameters.

MATERIALS AND METHODS

Materials

Special orthotropic specimens with dimensions of
613 8.43 1.7mm (with coefficient of variation
[cv] of dimensions 5 0.93 2.23 9.6%), longitu-
dinal3 radial3 tangential (Fig 1), were cut from
European beech (Fagus sylvatica L.), Small-
leaved linden (Tilia cordata Mill.), European oak
(Quercus robur L.), and Norway spruce (Picea
abies L.). Specimens were allocated into three
groups of twenty pieces, and every group was
conditioned to a different MC. One group had a
low MC (LMC), and two groups were above
FSP—a medium MC group (MMC), and a high
MC group (HMC) (Table 1). The MC was deter-
mined using the oven-dry method. Basic density
(rb) was determined for all 240 specimens from
the ratio of oven-dry mass and volume above the
FSP (Table 2).

Measurements

Specimens for both measuring methods were
loaded at the center span by longitudinal-tangent
bending. To preserve the MC, measurements were
done right after each other, FRT first, then immedi-
ately DMA, and FRT again (to monitor the impact
of MC loss after each measurement). Before each
stage of measurement, specimens were weighed.
The entire measurement time for one sample was
12min. Measurements were carried out in labora-
tory conditions at 24�C and 54% of RH.

Frequency resonance technique. Specimens
were supported by flexible pads at the nodes of
the first bending mode shape (0.224% and
0.776% of length). Specimen oscillations were
excited at the specimen’s midpoint by the rubber
band. This excitation method was used due to the
size and weight of specimens. The hit of a rubber
band was sufficient to induce the first bending
mode shape but also soft enough so that the loose
sample did not reflect out or move on the pads.
Vibrations were sensed in the middle of the
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specimen using a Doppler laser vibrometer PDV-
100 (Polytec, Inc., Baden-W€urttemberg, DE), and
recorded using a dynamic signal acquisition module
DEWE-41-T-DSA and DEWESoft (DEWETRON
Inc., Grambach, AT), with a sampling frequency of
20kHz. A minimum of ten hits on the specimen
were recorded. The test lasted under a minute.

Dynamic mechanical analysis. For the DMA,
three-point bending was carried out using an
RSA-G2 device (TA Instruments, New Castle,
DE). Specimens were loaded by a spike in the
middle and supported by a 40-mm-wide span.
The samples were tested using the TRIOS soft-
ware (TA Instruments), with an initial and mini-
mum axial force value of 0.1N (the axial force
was set 30% higher than the dynamic force), and
a displacement of 30mm. The oscillation fre-
quency was set as a logarithmic sweep from 0.1
to 100Hz, with 10 points per logarithmic decade.
This test was performed for 10min per sample.

Data Analysis

Frequency resonance technique. For every
specimen, the entire length of the signal recorded
from FRT was transformed from the time
domain into a frequency domain using the fast-
Fourier transform processed using MATLAB

(The MathWorks, Inc., Natick, MA). The highest
peak with the lowest frequency belongs to the first
bending mode. The bending dynamic modulus of
elasticity obtained by this method (MOEDFRT)
was calculated from the frequency f using the fol-
lowing equation:

MOEDFRT5
2f

2:25p

� �2
ml2

I
(1)

wherem is the mass and l is the length of the spe-
cimen. The moment of inertia I was calculated
from width (w) and thickness (t) as a:

I5
wt3

12
(2)

Subsequently, five separate records (each for one
of the five selected hits with the highest amplitude)
were exported from the signal. For each record
with a minimum of 25 periods of oscillation, the
LDD was determined. From the LDD, the damping
coefficient tan d was calculated using Eq 3. As a
representative damping coefficient of the specimen,
a median from five tan d was determined.

tan d5
LDD
p

(3)

Dynamic mechanical analysis. The main
results obtained by DMA were storage modulus

Figure 1. Setups of frequency resonance technique (a) and dynamic mechanical analysis (b).

Table 1. Medians of MC of each sample group.

Group

LMC MMC HMC

MC (%) cv (%) MC (%) cv (%) MC (%) cv (%)

Beech 11.7 4.6 49.7 6.4 78.8 6.2
Linden 10.2 7.0 47.9 10.0 81.5 7.1
Oak 11.1 3.0 50.5 8.1 82.8 10.6
Spruce 11.1 2.9 47.3 8.3 84.3 15.5

Table 2. Medians of basic density values of species.

Species rb (kg � m23) cv (%)

Beech (Fagus sylvatica L.) 558.8 3.5
Linden (Tilia cordata Mill.) 360.8 4.8
Oak (Quercus robur L.) 526.9 5.8
Spruce (Picea abies L.) 412.3 11.1
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(EL) and loss modulus (ES), which are compo-
nents of the stress (s - EL is 90� out of phase with
the strain «, and ES is in the phase with the
strain).

EL5
s sin d

«
(4)

ES5
s cos d

«
(5)

The damping coefficient tan d represented a phase
lag between the stress and the strain and was cal-
culated as the ratio of EL to ES.

tan d5
EL

ES
(6)

The bending dynamic modulus of elasticity
(MOEDDMA) is a complex combination of EL

and ES.

MOEDDMA 5
s

«
5ES1 iEL 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ES

2 1EL
2

q

(7)

The MC of specimens decreased during the 10-
min-long DMA depending on the moisture group,
and (in the case of MC above the FSP) also
depending on species (Table 3). Based on the
weight method, MC loss was determined from
known MC before and MC after the DMA test.
For every specimen from groups MMC and
HMC, the average of MC before and MC after
the DMA test is given for the next data evalua-
tion. DMA results were reported for each testing
frequency. From all sample groups, the median
for each testing frequency was calculated (Figs 2
and 3). For further statistical evaluation, the
median value across frequencies was determined
for each sample. The statistical comparison of

data obtained by both methods was done using
one-way ANOVA, with a significance level of
0.05 and 0.01, in the MATLAB environment.
The steepness of the function (stp) was deter-
mined according to the first term (a) of the linear
regression y5 ax1 b.

RESULTS AND DISCUSSION

The MC loss during the DMA test was compara-
ble for species in LMC groups, up to 1%. In
groups with MC above the FSP, the differences
between the species were observed. Wood species
with lower rb had a bigger MC loss during the
experiment.

The DMA showed that the change from viscous
to elastic behavior when changing frequency
(Menard 2006) occurred earlier in dry wood than
in wood at a higher MC (Fig 2). Resonance peaks
at the same frequencies (39.8 and 63Hz) were
found in the data of EL for all specimens, which
affected the determination of MOEDDMA and the
damping coefficient at these frequencies. Since it
concerns the same frequencies for all specimens
(regardless of MC and species), which are far
from their resonance frequencies found by FRT
(from 1240 to 2708Hz), a measurement error
caused by a device or clamps resonance was con-
sidered. According to Bucur (2006), and Nocetti
et al (2014), the modulus of elasticity decreases
with increasing MC. The results from DMA show
that compared with LMC, moduli of MMC and
HMC decreased by: 40% and 52% for beech,
28% and 46% for linden, 27% and 43% for oak,
and 37% and 52% for spruce respective. So,
for species with a higher modulus of elasticity,
there is a more significant decrease with increas-
ing MC.

All samples showed a drop or lack of the damping
coefficient values at the lowest frequencies, caused
by very low or negative values of EL (Fig 3).
From the erroneous resonance peaks, described
earlier, all damping coefficients followed an
increase and convergence of all samples at the
same value. The middle area of the measurement
(0.5-10Hz) showed a trend of a slight decrease
with increasing frequency, which agrees with

Table 3. Medians of MC loss during the DMA of each
sample group.

Group

LMC MMC HMC

MC loss (%) cv (%) MC loss (%) cv (%) MC loss (%) cv (%)

Beech 1.08 25.9 10.38 15.4 11.88 20.6
Linden 1.00 179.6 16.50 12.1 18.07 10.3
Oak 0.85 23.1 9.33 19.8 12.19 13.6
Spruce 0.87 24.1 15.81 14.9 20.61 15.3
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Figure 2. Medians of complex dynamic moduli of elasticity of species groups with different MC at varying load frequency—
determined by dynamic mechanical analysis.

Figure 3. Medians of damping coefficients determined by dynamic mechanical analysis at varying load frequency.
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Menard’s (2006) description of the influence of
the loading frequency on material behavior deter-
mined by DMA.

As expected for DMA above FSP, the damping
coefficient increased with rising MC (Goken et al
2018). For individual species, the DMA revealed
a rising damping coefficient for MMC and HMC
compared with LMC by: 161% and 253% for
beech (stp 5 11 e24), 39% and 74% for linden
(stp 5 4 e24), 107% and 204% for oak (stp 5
9 e24), and 95% and 167% for spruce (stp 5
6 e24) respective. This could lead to the conclu-
sion that with higher rb, the damping coefficient
tan d increases rapidly with increasing MC. Nev-
ertheless, by focusing on individual species and
their MC groups, no significant change was
observed when the rb changed. In case, there was
any slight change observed, it was a decrease
in the damping coefficient with increasing rb
(Fig 4), For the DMA, species with a higher rb
showed a faster increment of the damping coeffi-
cient with increasing MC. Br�emaud et al (2009,
2010) stated that extractives content, chemical
composition, and properties related to MC have a
significant influence on the damping coefficient

tan d. This confirms that the steepness of the
damping coefficient increases with increasing MC
and is influenced not only by rb, but also by the
properties of the species itself.

Since the results were comparable for FRT in
individual MC groups before and after DMA
tests, values are stated (Table 4) as the unified
medians from the average of LMC, MMC, and
HMC before and after performing the DMA.

The bending dynamic modulus of elasticity
obtained by DMA was statistically comparable
within the individual species for both groups
above FSP (MMC and HMC) with (p 5 0.01),
beech even with (p 5 0.05). No species had
statistically comparable MOEDDMA of the
LMC group with MMC and HMC groups. Simi-
lar results were obtained for MOEDFRT. Individ-
ual species had comparable MMC and HMC
groups with ( p 5 0.01), beech and oak even with
(p 5 0.05). No species had statistically compara-
ble MOEDFRT of the LMC group with groups
above FSP. Both methods agreed with the
assumption that there is no statistically significant
change in MOED above FSP, with increasing

Figure 4. Increasing damping coefficient with increasing MC for individual species.
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MC (Bucur 2006; Nocetti et al 2014). A compari-
son of MOED between both methods showed no
statistical difference only for the spruce LMC
group (p 5 0.01), otherwise, the methods do
not have comparable MOED within the species
and their individual MC groups. Medians of
MOEDDMA were smaller than MOEDFRT, and
were similar for all species, depending on the MC
group: LMC of 18.4% for beech, 24.1% for lin-
den, 19.8% for oak, and 17.6% for spruce; MMC
of 26.9% for beech, 28.7% for linden, 23.1% for
oak, and 20.8% for spruce; HMC of 36.9% for
beech, 35.2% for linden, 30.7% for oak, and
35.5% for spruce. The data from both methods
show that, as a function of MC, MOEDFRT, and
MOEDDMA copy a similar trend (Fig 5).

The damping coefficients obtained by DMA are
higher than those obtained by FRT. Similar
results were found in one of the few papers com-
paring DMA and FRT results of the damping
coefficient tan d on the mulberry wood with MC
of 1.4% (Se Golpayegani et al 2012). Thus, these
results for LMC groups were expected. Above
FSP, a further increase was expected for DMA
(Goken et al 2018), which again would be simi-
larly steep for both methods (for FRT, it has
not been described yet [Barr�e et al 2018]). This
has been confirmed for DMA data only (Fig 6).
The FRT results showed that above the FSP,
the damping coefficients had similar trends as

dynamic moduli, ie that there were no statistically
significant changes with increasing MC. For all
species, the damping coefficients tan d were com-
parable between their MMC and LMC groups
(p 5 0.05). For the damping coefficient obtained
by DMA, MMC and HMC groups were compara-
ble only for spruce (p5 0.01).

As the results indicate, the methods are very similar
in determining MOED, just with shifted values
(Fig 7). Through multiple linear regression from all
data (using function “regress”—Matlab) the coeffi-
cient c 5 0.7567 to convert MOEDFRT to
MOEDDMA, and c5 1.2813 to convert MOEDDMA

to MOEDFRT were calculated. MOEDDMA and
MOEDFRT had strong linear correlations (r 5 0.92,
r2 5 0.84). This correlation is very similar to the
correlation between static bending MOE and
dynamic bending MOEDFRT (r 5 0.98, r2 5
0.96) (Chauhan and Sethy 2016). The DMA
operates at the boundary between statics and
dynamics, with loading frequencies ranging
from 0.1 to 100Hz. As the static moduli have
lower values than dynamic moduli, DMA corre-
sponds to lower MOED values. A comparison
of both methods for determining the damping
coefficient tan d showed a weaker correlation
(r 5 0.57, r2 5 0.32). When comparing only the
LMC groups (disregarding the influence of MC)
the correlation coefficient remained almost
unchanged. The correlation between MOED and the

Table 4. Medians of MOED and tan d for species with different MC.

Species MC

FRT DMA

MOED (MPa) cv (%) tan d (2) cv (%) MOED (MPa) cv (%) tan d (2) cv (%)

Beech LMC 17 297 8.9 0.0093 15.7 14 117 14.7 0.0227 12.9
MMC 11 563 8.9 0.0206 30.6 8 448 14.2 0.0592 15.3
HMC 10 721 12.6 0.0195 27.3 6 768 33.5 0.0800 35.5

Linden LMC 10 222 9.9 0.0124 7.1 7 758 12.4 0.0339 5.3
MMC 7 876 12.2 0.0162 16.2 5 616 12.1 0.0473 9.3
HMC 6 467 17.0 0.0179 16.8 4 192 19.8 0.0589 17.7

Oak LMC 12 088 19.9 0.0087 14.6 9 697 19.8 0.0222 10.1
MMC 9 160 16.6 0.0137 24.8 7 048 15.4 0.0459 13.6
HMC 7 976 17.5 0.0139 23.5 5 524 57.2 0.0676 49.5

Spruce LMC 17 704 21.0 0.0073 12.5 14 595 24.0 0.0258 15.8
MMC 11 541 10.9 0.0134 31.4 9 137 11.9 0.0502 16.2
HMC 10 753 23.6 0.0148 31.2 6 935 42.4 0.0688 32.5
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Figure 6. Comparison of damping coefficient obtained by frequency resonance technique (FRT) and dynamic mechanical
analysis (DMA).

Figure 5. Comparison of bending dynamic modulus of elasticity (MOED) obtained by frequency resonance technique (FRT)
and dynamic mechanical analysis (DMA).
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damping coefficient tan d was moderate for FRT
(r5 0.42) and stronger for DMA (r5 0.65).

CONCLUSIONS

� The DMA showed that the damping coeffi-
cient increased with increasing MC, and
increased faster with increasing MC for spe-
cies with a high rb (oak, beech with stp 5
9e24; 11e24) than for species with lower rb
(linden, spruce with stp 5 4e24; 6e24).

� The FRT showed that the damping coefficient
values do not change significantly above the
FSP.

� Same-size specimens showed that MOED
determined using FRT was 24-28% more
than MOED determined using DMA, with a
strong linear correlation (r 5 0.92, r2 5
0.84). The influence of the scale while main-
taining the ratio of dimensions and further-
more, the influence of the change of geometry
should be verified.

� For further research, it is necessary to focus in
more detail on the damping coefficient tan d
and the factors influencing it. Based on the

results of this paper, the damping coefficient
tan d obtained by DMA and the damping coef-
ficient tan d obtained by FRT should not be
confused.
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Abstract. Eucalyptus fastigata and Eucalyptus nitens were densified using a thermo-hydro-mechanical
(THM) densification process. The THM treatment was applied either as a surface densification of one
wood surface or as a bulk densification of the entire wood thickness. To understand the effect of grain ori-
entation on final wood properties, both quarter-sawn and flat-sawn boards were densified. The E. nitens
boards were able to be compressed to a greater degree without being damaged compared with the E. fastigata
boards. This led to substantial increases in surface hardness and surface density in E. nitens. Additionally,
levels of set-recovery (irreversible swelling from contact with water) for bulk densified E. nitens were sub-
stantially lower than E. fastigata and lower than literature values for other species with a similar density. The
reason for this unusually low set-recovery is not known, but it is of potential interest for the commercial appli-
cation of densified wood, where set-recovery is unacceptable and would need to be eliminated. Density pro-
files showed that the peak density was generally at, or very close to, the wood surface, giving the maximum
increase in surface hardness for a given degree of densification. The properties following densification were
not substantially different between the quarter-sawn and flat-sawn boards, suggesting that densification was
effective irrespective of grain orientation.

Keywords: Eucalyptus, wood densification, density profile, Brinell hardness, hardwood, grain orientation.

INTRODUCTION

Increased demand worldwide for high-value
wood products, plus concerns about deforestation
and unsustainable logging, have increased interest
in plantation-grown timbers that will perform well
in demanding situations. There is also increasing
interest in utilizing a wider range of wood species
for sawn timber and using wood modification as a
method of improving wood properties. Eucalyptus

nitens (H.Deane & Maiden) Maiden (E. nitens)
and Eucalyptus fastigata H.Deane & Maiden
(E. fastigata) are grown in plantations in New
Zealand but are not currently well utilized for
high-value sawn timber. Both species have an
attractive hardwood grain, similar to other spe-
cies of Australian-grown eucalyptus that are
commonly used for interior applications such as
hardwood flooring. Neither species is as hard
as oak, or Australian-grown hardwoods (Janka
hardness of �5kN for E. fastigata, and E. nitens,
compared with �7kN for American Oak and
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�6 kN for Victorian Ash) and are thus not suffi-
ciently hard for flooring applications. Many
mechanical properties of wood, eg, MOE and
hardness, are proportional to wood density
(Rautkari et al 2011; Navi and Sandberg 2012a),
so increasing the wood density via densification
offers a potential route to improving the surface
hardness of these species. Densification of wood
has been studied for a long time, having been
initially developed in the early 20th century, but
there has been increased scientific interest in the
last 30 yr (Kutnar et al 2015).

Wood densification is a process where wood cells
are mechanically compressed so they deform,
reduce the void spaces, and flatten, preferably
without the cell wall fracturing. If the cell defor-
mation can be retained after the compression
force is removed, this will increase the wood den-
sity and, consequently, the wood hardness. To
ensure that the wood retains its densified shape
after the compression force is released, it is
important that the cells are softened and the stres-
ses that form during compression are released.
This is done by ensuring the wood components
(mainly lignin) are above the glass transition tem-
perature (Tg) during compression, and the wood
is cooled to below the glass transition temperature
before the compressive load is released (Navi and
Sandberg 2012a). Because the glass transition
temperature of lignin and hemicellulose are a
function of temperature and moisture content
(MC) (Lenth and Kamke 2001a; Kutnar and Ser-
nek 2007), the correct combination of press tem-
perature and wood MC is required to ensure the
cells are densified without being damaged, and
stresses are adequately relieved to retain the com-
pressed shape. To ensure the wood remains in a
softened state, the wood either needs to be at a
high temperature or maintain a consistently high
MC during the densification process. For exam-
ple, Lenth and Kamke (2001a) observed softening
at 200�C in Pinus taeda at 0% MC, but this
reduced to ,100�C at 10-15% MC. To maintain
high moisture contents at temperatures .100�C,
elevated pressures are required (Lenth and Kamke
2001b). For this reason, densification is often per-
formed in a “closed system” where mechanical

force can be applied in a pressurized steam atmo-
sphere (Navi and Sandberg 2012a).

Once the wood is set in its compressed state, con-
tact with liquid water or changes in air humidity
often lead to the wood swelling and regaining
some of its original dimensions, a process known
as “set-recovery” (Navi and Sandberg 2012a).
Preventing set-recovery has been the subject of
numerous studies (Kutnar and Kamke 2012;
Laine et al 2013). Postdensification heat treat-
ment, such as pressure steaming or thermal modi-
fication, is a very promising method of preventing
set-recovery (Laine et al 2016). Kutnar and
Kamke (2012) compared levels of set-recovery
after densifying poplar in either saturated or atmo-
spheric pressure steam, finding dramatically lower
levels of set-recovery following water soaking for
the samples compressed in pressurized (saturated)
steam. Set-recovery is typically measured by
comparing the initial specimen thickness with the
thickness following water soaking and oven dry-
ing. This is often repeated over several water
soaking steps (Fu et al 2017). Laine et al (2013)
compared several different methods of quantify-
ing set-recovery, including water soaking in hot
or cold water and through changes in ambient
humidity. They noted that set-recovery through
changes in RH was more likely to replicate the
conditions that many target products for densified
wood would encounter in service, eg, wooden
flooring.

Process conditions such as press temperature, ini-
tial wood temperature and MC, the degree of
compression, and the rate of compression all
impact the density profile and peak density (PD)
of the compressed wood (Rautkari et al 2011;
Zhou et al 2019). This gives the possibility of
increasing the density throughout the entire wood
thickness or restricting the densification to the
wood surface, leaving the rest of the wood
unchanged (Navi and Sandberg 2012b). Surface
densification has the advantage of retaining more
of the original wood thickness during densifica-
tion and gives a product with a high surface hard-
ness but with only a small increase in the overall
density and weight of the wood.
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Densification is typically performed in a radial
orientation (compression force perpendicular to
the growth ring orientation). This preferentially
densifies the larger thinner-walled earlywood
fibers (Kutnar et al 2015), and corresponds to the
grain orientation typical of sawn timber of many
softwoods (flat-sawing or back-sawing). Many
eucalypt species are typically milled into quarter-
sawn boards where the growth rings are perpen-
dicular to the long face of the board. Densifying
these boards would compress the wood in a tan-
gential direction, meaning that both the early-
wood and latewood bands are compressed at the
same time. Wang and Cooper (2005) densified
black spruce and balsam fir with three different
grain orientations (growth rings oriented 0�, 45�,
and 90� from the wide face of the board). For bal-
sam fir, the density profile before densification
showed distinct peaks for the late wood bands in
the 0� (flat-sawn boards). These differences were
retained after densification, with both the early-
wood and latewood density increasing. For the
45� and 90� (quarter-sawn) boards, the vertical
density profile was very uniform prior to modifi-
cation, and following modification, there were
definite density peaks near each surface of the
board with a lower density in the center. For
surface densification, where these density peaks
are being sought, grain orientation may have a
significant impact on the density profile, and
hence on the success of the process (Wang and
Cooper 2005).

Despite densification being a well-known process,
it has not yet been investigated for New Zealand-
grown eucalypts. Koumba et al (2014) densified
Chilean-grown E. nitens and Pinus radiata in
a steam environment but did not report any
mechanical properties or dimensional stability
data. Balasso et al (2020) densified a thin lamella
of E. nitens, P. radiata, and Tasmanian Oak
(a mix of Eucalyptus regnans and Eucalyptus
obliqua). In this study, timber from E. nitens and
E. fastigata has been densified using two densifi-
cation processes (surface- and bulk densification),
and with two grain orientations (flat-sawn and
quarter-sawn), and then the properties of the den-
sified wood were investigated.

MATERIALS AND METHODS

Densification

E. fastigata boards were sourced from a previous
sawing study (Jones et al 2010). The trees were
25 yr old, and boards were cut from either the butt
log or the 1st log of each tree. The boards were
cut from 10 different trees. The E. nitens boards
were also sourced from a sawing study using
18-yr-old trees grown in the southern South
Island of New Zealand. These boards were all
from the 1st log and were also cut from 10 differ-
ent trees. For each species, equal numbers of flat-
and quarter-sawn boards were cut to 500mm long
and were planed to 20mm thick. Most boards
were 100mm wide, but some E. nitens boards
were 90-95mm wide. Each 500-mm-long board
was cut into two matched 250-mm-long boards.
The 250-mm-long boards were assigned to the
following treatments:

� Undensified control
� Surface densification
� Bulk densification

The optimum press force and press closing gap
(target densification thickness) were determined
for each species prior to starting the experiments,
to ensure a high degree of densification without
cracking or splitting in the wood. The quarter-
sawn E. fastigata boards had significant issues
with bulk densification, where densifying to a
final thickness below 16mm caused substantial
cracking and darkening of the wood. This meant
that the E. fastigata was densified to a greater
target thickness (ie, less densification) than the
E. nitens.

For the experiment, for each combination of spe-
cies, grain orientation, and densification process,
10 replicates were used, giving a total of 120
boards for property testing.

The thermo-hydro-mechanical (THM) densifica-
tion treatment was applied as surface densification
and as bulk densification. Table 1 presents the
parameters used in the study.

The final thickness of the densified samples was
determined by placing metal bars of an appropriate
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thickness (Table 1) into the press to control the
final press gap.

The press was heated to the target temperature
(Table 1). Then, the samples were loaded into the
press, and the densification process was imple-
mented according to the parameters in Table 1.

Prior to densification, the weight and dimensions
of each board were measured. Following densifi-
cation, once the boards were cool enough to
handle (usually after 10-15min), the width and
thickness of the boards were measured again. The
spring-back (recovery of board thickness immedi-
ately after pressing) and the width expansion of
each board can be calculated:

Spring-back5
td2tt
to2tt

� �
3100 ½%� (1)

Where:

to is the initial (uncompressed) thickness of the
sample,

td is the thickness after densification

tt is the target thickness (press gap)

Width expansion is defined by Eq 2.

WE5
wo2wd

wo

� �
3100 ½%� (2)

Where:

Wo is the original width of the sample

Wd is the width after densification

Following densification, the boards were conditioned
at 20�C, 65% RH for 4 wk. The board dimensions
were measured again following conditioning.

Property Testing

Set-recovery is the extent to which the densified
sample resists returning to its original dimensions.
This was assessed in two ways, 1) by soaking in
water, and 2) by exposure to high-humidity air
(RH cycling).

From each board, two 203 20mm blocks were
cut side by side, each at least 5mm from the
board edges and 60mm from the board end
(Fig 1). One block from each pair was assessed
via water soaking and one via RH cycling.

For the water-soaking test, the thickness of the
blocks was measured in three places. Then, the
blocks were oven-dried overnight at 103�C, and
their thickness was measured again.

In the next step, the blocks were submerged in
water at 20�C for 24 h, then oven-dried at 103�C
for 24 h, and their thickness was measured again.
The water soaking, oven drying, and subsequent
thickness measurement were repeated for a fur-
ther 4 cycles.

Set-recovery after water soaking is calculated as
follows:

SRWS5
twOD2tOD
to2tOD

� �
3100 ½%� (3)

Table 1. Parameters of the THM surface and bulk densification processes used in this study.

Surface Bulk

Top platen initial temperature (�C) 170 170
Bottom platen initial temperature (�C) 20 170
Press force (kPa) 3000 3000
Hold time at the initial temperature (minutes) 3 3
Heating rate to a high temperature (�C/min) 20 20
Top platen high temperature (�C) 200 200
Bottom platen high temperature (�C) 20 200
Top platen cooling temperature (�C) 60 60
Bottom platen cooling temperature (�C) 60 60
Target densified thicknessa (mm) 17/16 (E. fastigata/E. nitens) 16/10 (E. fastigata/E. nitens)
Densification ratiob 0.15/0.2 0.2/0.5
a Target densified thickness is the thickness of the metal stops used to control the final press gap.
b Densification ratio is a theoretical degree of compression based on the nominal initial thickness and the press gap.
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Where:

to is the initial uncompressed thickness

tOD is the oven-dried thickness following densification

twOD is the oven-dried thickness following water
soaking

The RH cycling test was similar to the water
soaking test, but instead of oven drying, the
boards were conditioned at 25�C, 65% RH for
2 wk, and then, conditioned at 25�C, 85% RH for
2 wk, and their thickness was measured at the end
of each conditioning period. After five condition-
ing cycles, the blocks were oven-dried, and their
thickness was measured again.

Set-recovery after humidity cycling is calculated
as follows:

SRRS5
t852tc
to2tc

� �
3100 ½%� (4)

Where:

to is the initial uncompressed thickness

tc is the thickness following densification and con-
ditioning to 65% RH

t85 is the thickness after conditioning to 85% RH.

For hardness testing, 1003 50mm blocks were
cut across the entire width of each board, starting
around 5mm from the board end (Fig 1). Because
surface densification is primarily intended to change
the properties of the wood surface and not necessar-
ily the bulk of the wood sample, it is important to
use a hardness test that does not penetrate too deeply
into the sample (Scharf et al 2022). Here, a modified
Brinell hardness test was used where a steel ball
11.28mm in diameter was indented 4mm into the
surface of the sample and the applied load was
recorded (Fig 2). Each tested sample was placed on
a second board of the same material to minimize
the effect of board thickness on the measured hard-
ness. Some quarter-sawn bulk-densified boards split
before the hardness testing was complete. For these
boards, the applied load and indentation depth at
the time of the break were recorded.

Brinell hardness (BHN) is calculated according to
Eq 5.

BHN5
2F

pD ðD2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D22d2

p
Þ ½kN=mm2� (5)

Where:

F is the applied force (kN)

Set-recovery (2

specimens per

board)

Density

pro�ile

Hardness

Matched board

pairs

Figure 1. A cutting plan showing the location of the property test specimens within each board. The view is of the upper face
of the board.
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D is the diameter of the ball (mm)

d is the maximum diameter of the indentation
(mm)

The diameter of the indentation (d) was calculated
as follows:

d5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8hðD=22h=2Þ

p
½mm� (6)

Where:

h is the depth of the indentation (mm)

And D and d are as defined in Eq 5.

Density Profiles

Density measurements were made using the Scion
DiscBot measurement system (Scion 2016). This
consists of a range of measurement tools con-
nected to an X-Y table to enable automated two-
dimensional measurements of discs, cores, or
small sections of boards.

A 25-mm-long sample was cut from near the cen-
ter of each board (avoiding the end-most 50mm
of each end of the board, as shown in Fig 1) and
these were equilibrated under standard conditions
(25�C, 65% RH) until their weight stabilized.
Prior to testing, the weight and dimensions of

each sample were recorded. These values were
used to calculate a nominal gravimetric density
for each sample, ie, the density of the wood plus
associated moisture.

Prior to being measured in the DiscBot, each
sample was fixed into a frame to ensure it was
oriented correctly for the X-ray density measure-
ment. Samples were oriented relative to their ori-
entation in the hot press, namely, with the face
compressed by the top platen facing in the same
direction for every sample.

X-ray density measurements were taken using a
polychromatic X-ray source (Spellman RB150
PN600X4009) with an output of 70 kV and 3mA.
The X-rays pass through the sample and are
detected with a Hamamatsu Photonics model
C9750-10F line camera. This measurement was
repeated on a 0.4-mm grid over the entire surface
of the sample. Density was calculated at the mea-
surement pixel level from the X-ray intensity,
plus an empirically derived mass attenuation
coefficient (Eq 7). This was used to generate a
two-dimensional map of nominal density values
(converted to kg/m3) on a 0.33mm grid over the
entire sample width and thickness.

r5
1

mm t

� �
: 2ln

I
I0

� �� �
½g=cm3� (7)

Where:

r is the specimen density (g/cm3)

mm is the X-ray mass attenuation coefficient
(0.2946 cm2/g)

t is the specimen thickness (cm)

I is the X-ray intensity through the sample, minus
the source-off signal

I0 is the X-ray intensity through the air, minus the
source-off signal

The nominal density values were adjusted using
R software (R Core Team 2021). The samples
were not always perfectly oriented to the X- and
Y-axes of the DiscBot, so the samples were
rotated when required, and a new coordinate sys-
tem was applied so the board edges were parallel

Figure 2. Brinell hardness testing set up, showing the sam-
ple to be tested sitting on top of a second sample of the same
species, grain orientation, and densification process (ie, sur-
face- or bulk-densified).
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to the X- and Y-axes. Linear interpolation was
used to produce a new set of density values on a
0.5-mm grid using the new coordinate system.
One-dimensional density profiles were produced
by averaging the density values over the entire
width (X-axis) for each point on the Y-axis, ie, at
0.5mm spacing through the thickness of the origi-
nal board.

For the densified samples, the one-dimensional
density profiles were further characterized accord-
ing to the metrics described by Zhou et al (2019),
as reproduced in Fig 3. Briefly, the PD is the max-
imum density in the profile, and the peak density
depth (PDi) is the distance from the surface to the
PD. For the surface densified samples, the thick-
ness of the densified zone (DTh) was also quanti-
fied. This is defined as the thickness over which
the density is greater than 80% of the PD.

For each combination of species, grain orienta-
tion, and densification process, an average (one-
dimensional) density profile was produced by
aligning all the samples with the equivalent of
the top platen face and averaging the density
values at each point through the wood thickness.
Because the wood thickness does vary slightly
between specimens, the thickness of each sample

was normalized to the corresponding press gap
(compressed thickness) for each species and den-
sification process. This ensured consistent align-
ment of both the top and bottom surfaces across
all the samples. For each densified sample, there
is an equivalent undensified sample which was
cut from the same board. The average density of
each of these undensified samples was used to
normalize the density of their equivalent densified
boards, ie, each individual density value was
divided by the average density of the equivalent
undensified control sample.

Statistical Analysis

Because of the differences in target thickness, ie,
the press gap between the two species, it was
decided to analyze each species separately. Within
each species, the data were initially assessed
for normality and homogenous variances using
Shapiro–Wilk and Levene’s tests. Hardness,
final density, and final MC were normally dis-
tributed. So a two-way ANOVA analysis was
used to compare the means of the different den-
sification processes and sawing orientations.
Linear modeling was used to determine the sig-
nificance of relationships between variables. All
other variables were found to have significant
variation from normality and homoscedasticity.
Therefore, nonparametric test methods were used
to assess the data. The Kruskal–Wallis test with
Holm adjustment was used to determine signifi-
cant differences between the densification pro-
cesses and with different grain orientations.

RESULTS AND DISCUSSION

A summary of the board properties following
THM densification is shown in Table 2. For both
densification processes and for both grain orienta-
tions, the final thickness of the E. fastigata boards
was, on average, significantly thicker than the
press gap. The surface densified boards had a
high percentage of spring-back (�9-18% on aver-
age) which would contribute to the difference
between the press gap, and the final board thick-
ness. For E. nitens, the average final board thick-
ness was not significantly different to the press

Figure 3. Metrics calculated to characterize the one-
dimensional density profiles.
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gap for any of the grain orientations or densifica-
tion processes. Spring-back can occur when elastic
deformation in the wood cells is not adequately
relieved before the press is opened. Low levels of
spring-back are preferred, as this reduces thick-
ness variation in the densified boards, and
means that the energy put into compressing
the boards is not lost when the press force is
released. For E. fastigata, there were no sub-
stantial differences in width expansion between
the different densification processes or sawing
orientations. For E. nitens, the width expansion
was significantly higher in the bulk densified
boards compared with the surface densified, but
there was no difference between sawing orienta-
tions. Lower width expansion is preferable, to
avoid width variation in the densified boards.

Set-Recovery by Water Soaking

Set-recovery is a measure of how much the densi-
fied wood resists returning to its original undensi-
fied dimensions when the wood MC increases.
A set-recovery of 0% means the board retains its
densified dimensions, and a set-recovery of 100%
means the board has reverted to its original
undensified dimensions. The set-recovery result-
ing from repeated water soaking is shown in Fig 4.
For both species, the surface-densified boards
had a high set-recovery (average 75-85%), indi-
cating the boards had regained over three-
quarters of the reduction in thickness from
densification. For E. fastigata, the bulk densified
boards did not have a significantly different

set-recovery to the flat-sawn surface densified
boards. For E. nitens, the bulk densified boards
had significantly lower set-recovery, and there
was no significant difference in set-recovery
between the two grain orientations. The set-
recovery of bulk densified E. nitens (average
40%) is somewhat higher than that found by
Balasso et al (2020), who measured a set-
recovery of 27.5% in densified E. nitens after
a single water soaking cycle. However, the
set-recovery values in this study are still much
lower than those seen in other species. For
example, Laine et al (2013) prepared bulk densi-
fied Scots pine which showed a set-recovery of
75% after 3 cycles of water soaking. In another
attempt, Darwis et al (2017) bulk densified
Gmelina arborea to various ratios (densification
ratios from 0.125 to 0.375) and found that
the set-recovery increased proportional to the
densification ratio (from�60 to 80% set-recovery).
The bulk-densified E. nitens had a higher densifi-
cation ratio again (0.5), but much lower set-
recovery. Despite the unusually low set-recovery
for the bulk densified E. nitens, a 30-40% increase
in thickness on contact with water is unlikely to
be acceptable in service, since set-recovery would
need to be eliminated for a commercially viable
product. As shown by Darwis et al (2017), ther-
mal modification can reduce the set-recovery. In
their work, heat treatment at 180�C for 5 h
reduced the set-recovery by more than half. Ther-
mal modification could be considered here as a
way to reduce the set-recovery of either bulk

Table 2. Spring-back, width expansion, and final thickness for each species and sawing orientation. Prior to densification,
the samples had an average width of 97mm and an average thickness of 21mm.

Species Grain orientation Densification type Spring-back (%) Width expansion (mm) Final thickness (mm)

E. fastigata Flat-sawn Surface 17.7a 1.2ab 17.91g

E. fastigata Quarter-sawn Surface 9.1ab 1.0b 17.42g

E. fastigata Flat-sawn Bulk 3.5b 1.9a 16.34g

E. fastigata Quarter-sawn Bulk 6.4ab 1.5ab 16.36g

E. nitens Flat-sawn Surface 1.5e 1.6e 16.03
E. nitens Quarter-sawn Surface 2.9e 1.4e 16.13
E. nitens Flat-sawn Bulk 2.3e 4.9f 9.93
E. nitens Quarter-sawn Bulk 10.8e 3.6f 10.33
a-f Values followed by the same letters in superscript do not differ significantly from one another at alpha5 0.05.
g Final thickness is significantly different to press gap, ie, target final thickness.

150 WOOD AND FIBER SCIENCE, NOVEMBER 2023, V. 55(2)



densified or surface densified wood, potentially to
an acceptably low level.

Set-Recovery by RH Cycling

As noted by Laine et al (2013), the water soaking
test is a harsh test, especially for products such as
flooring that are used indoors, which would gen-
erally be coated before use and are unlikely to
become water saturated. As an alternative method
of assessing set-recovery, the set-recovery after
five cycles of alternating high and low RH was
assessed. The obtained results are shown in Fig 5.
The values of set-recovery were much lower than
those obtained for the water soaking test but show
similar trends. For E. nitens, the set-recovery was
lower for the bulk densification compared with
that of the surface densification, and there were
no significant differences between the different
grain orientations. The trend for E. fastigata was
similar, with higher set-recovery for the surface
densification compared with the bulk densifica-
tion, but with significant differences between
the two grain orientations for each densification
process. These results also showed that the RH

cycling set-recovery of densified E. nitens is less
than that of E. fastigata for all tested samples
(Fig 5). The causes of this difference in set recov-
ery between species are not known.

The EMC at 25�C, 65% RH following five
humidity cycles is shown in Table 3. For both
species, the EMC (EMC) reduced significantly
with increasing degree of densification. Lower
EMC can correspond to increased dimensional
stability (Navi and Sandberg 2012c), implying
that a significant reduction in EMC is a positive
result. These results also show that grain orienta-
tion did not have a significant effect on EMC.

Density Profiles

The average PD, and PDi are shown in Table 4.
For the surface densified boards, the DTh is also
shown. For the E. fastigata boards, there is no sig-
nificant difference in PD between the different
densification processes and no significant differ-
ences in the PDi values obtained for different
samples. However, for E. nitens, the bulk densi-
fied boards have a higher PD than those of the

Figure 4. Set-recovery by densification type, species, and grain orientation. Superscript letters indicate treatments within each
species that are not significantly different from each other (95% confidence level, Kruskal-Wallis test with Holm adjustment).
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surface densified boards, and the quarter-sawn
surface densified boards have a higher PD than
those of their flat-sawn equivalents. For the flat-
sawn surface densified boards, the PD is signifi-
cantly deeper into the board compared with the
equivalent quarter-sawn boards and compared
with the bulk densified boards (both sawing

orientations), as indicated by measured PDi values
(Table 4). These results also revealed that, the
DTh value of flat-sawn boards is larger than that
of quarter-sawn boards when a surface densifica-
tion is implemented for E. fastigata. The differ-
ence between the two grain orientations was not
significant for E. nitens (Table 4).

Figure 5. RH-cycling set-recovery by densification type, species, and grain orientation. Superscript letters indicate treatments
within each species that are not significantly different from each other (95% confidence level, Kruskal-Wallis test with Holm
adjustment).

Table 3. Nominal density following densification and conditioning, hardness and EMC (EMC) for each densification pro-
cess, and undensified controls.

Species Grain orientation Densification type Nominal density (kg/m3) Brinell hardness (kN/mm2) EMC (%)

E. fastigata Flat-sawn Control 712cd 26.6bc 12.8ab

E. fastigata Quarter-sawn Control 680d 20.7c 13.2a

E. fastigata Flat-sawn Surface 806ab 37.5a 12.4bc

E. fastigata Quarter-sawn Surface 734bc 31.1ab 12.1c

E. fastigata Flat-sawn Bulk 861a 37.3a 11.5d

E. fastigata Quarter-sawn Bulk 779abc 28.3abc 10.9d

E. nitens Flat-sawn Control 490e 15.0e 12.4ef

E. nitens Quarter-sawn Control 510e 15.7e 12.6e

E. nitens Flat-sawn Surface 582f 22.2f 11.6fg

E. nitens Quarter-sawn Surface 642f 31.4fg 11.5g

E. nitens Flat-sawn Bulk 916g 31.7g 10.3h

E. nitens Quarter-sawn Bulk 938g 34.7g 10.6h

a-h Superscript letters indicate treatment groups (within each species) that are not significantly different from each other (95%
confidence level, Tukey’s HSD test).
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The average one-dimensional density profile for
each species, densification process, and grain ori-
entation are shown in Fig 6. For the E. fastigata
boards, the overall increase in density is small,
with peak densities being around 1.3 times higher
than the density prior to densification (Fig 6[a]).
The density at the densified surface of the surface
densified boards is similar to that of the outer
surfaces of the bulk densified boards, while the
undensified surface has a similar density to the
undensified boards. This is a good result, as
the surface densification process aims to produce
a hard densified surface on one face of the board,
without unduly compressing the remainder of
the board thickness. The flat-sawn bulk densified

boards showed a flatter density profile across
the board thickness compared with the quarter-
sawn boards, which have a central area with a
density similar to the density prior to densification
(Fig 6[a]).

The E. nitens boards presented a considerably
larger increase in density compared with the
undensified controls. (Fig 6[b]), due to the higher
densification ratio used on this species. The bulk
densified samples showed similar density profiles
to the bulk densified E. fastigata, but with the
average density being around 1.8-1.9 times higher
than the density prior to densification. The surface-
densified E. nitens has a slightly lower PD than
the bulk-densified E. nitens. The quarter-sawn

Table 4. Peak density (PD), Peak density depth (PDi), and thickness of the densified region (DTH) for each species, densi-
fication process, and orientation.

Species Densification process Grain orientation PD (kg/m3) PDi (mm) DTh (mm)

E. fastigata Surface Flat-sawn 886a 2.1a 4.0a

E. fastigata Surface Quarter-sawn 899a 0.8a 2.0b

E. fastigata Bulk Flat-sawn 898a 1.2a —

E. fastigata Bulk Quarter-sawn 844a 0.5a —

E. nitens Surface Flat-sawn 770g 1.4e 2.4e

E. nitens Surface Quarter-sawn 870f 0.3f 1.7e

E. nitens Bulk Flat-sawn 935e 0.4f —

E. nitens Bulk Quarter-sawn 972e 0.2f —

a-f Values followed by the same letters in superscript do not differ significantly from one another at alpha5 0.05.

Figure 6. Average density profiles for E. Fastigata (a) and E. Nitens (b). The normalized density is based on the pretest den-
sity of each board. The normalized thickness is based on the target thickness for each densification process.
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surface-densified E. nitens has a density peak at
the board surface, which provides the largest
increase in surface density for a given densifica-
tion ratio, which is the primary aim of the
surface densification process. In contrast, the
flat-sawn boards had a PD that was slightly
below the wood surface (Fig 6[b]). As with
E. fastigata, the undensified face of the surface-
densified E. nitens had a similar density to the
undensified controls.

Hardness and Bulk Density

The gravimetric (nominal) density of the densified
samples and undensified controls are shown in
Table 3. It should be noted that this is the density
of the wood, plus associated moisture under stan-
dard conditions (25�C, 65% RH). Because the
EMC of the wood is lower following the densifi-
cation process (Table 3), this will alter the rela-
tionship between the nominal density and the
oven-dry density for the densified samples. It is
likely that the nominal density values reported
here under-report the increase in oven-dry density
of the bulk densified boards by a small amount
(1-3%). For E. nitens, surface densification
increased the density significantly compared with
the undensified controls, and the bulk densifica-
tion increased it further. No significant differences
in final density were seen between sawing orien-
tations. For E. fastigata, the differences in density
were smaller, and there were not such clear-cut
differences between the two densification pro-
cesses. Additionally, for the bulk densified sam-
ples, the flat-sawn boards had a significantly
higher density than the quarter-sawn boards.
Balasso et al (2020) densified E. nitens to a target
densification ratio of 0.39, which is somewhat
less compression than the bulk densification in
this study, however, their average final density
(8006 9 kg/m3) was similar to the bulk densifica-
tion in this study (8376 44 kg/m3). The undensi-
fied E. fastigata showed a higher density than the
undensified E. nitens, which gives some explana-
tion as to why the E. nitens boards could be
densified to a greater degree without sustaining
damage. For each species, the bulk densified
boards were densified to the greatest extent possible

without damaging the wood, and for E. nitens,
this resulted in a substantially higher final den-
sity than the E. fastigata boards, despite starting
from a lower initial density. All things being
equal, you would expect both species to reach a
similar density before damage to the wood
occurred. This suggests there are additional,
unknown factors that make E. nitens more suit-
able for densification than E. fastigata, eg, wood
structure or chemistry.

For the E. nitens boards, both surface and bulk
densification significantly increased the wood
hardness compared with the controls, and there
were no significant differences in hardness
between the two grain orientations. For E. fasti-
gata, the flat-sawn surface- and bulk-densified
samples had significantly higher hardness values
than the undensified controls, but these differ-
ences were not significant for the quarter-sawn
samples. For both species and for both densifica-
tion processes, there were no significant differ-
ences in hardness between samples with different
grain orientations.

Figure 7. Relationship between final density and Brinell
hardness for each species and densification type. E. Fastigata
is shown by triangles, E. Nitens by circles. The best fit lines
show a correlation between density and hardness, taking
the densification process into account. Adjusted R2 5 0.586,
p, 0.001.
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Wood properties such as hardness are generally
correlated with density. Linear regression was
used to investigate the relationship between aver-
age cross-sectional density and Brinell hardness,
after taking species, densification process, and
grain orientation into account. The effects of spe-
cies and grain orientation were not significant
(p 5 0.73 and p 5 0.64, respectively). The rela-
tionship between hardness and density was sig-
nificant (p , 0.001), and for a given density,
surface-modified boards had on average, a Brinell
hardness of 5.6 kN/m2, higher than both the
undensified boards and the bulk-densified boards.
Individual board values and fitted lines for each
densification treatment are shown in Fig 7.

CONCLUSIONS

E. nitens was able to be densified to a greater
degree without sustaining damage than was ob-
served for E. fastigata (maximum densification
ratios of 0.5 and 0.2, respectively). This resulted
in larger increases in density and surface hardness
in the E. nitens boards (100-120% increase in sur-
face hardness for E. nitens compared with
40-50% in E. fastigata).

The set-recovery following water soaking was
surprisingly low in the bulk densified E. nitens
boards (average 40%), whereas the E. fastigata
and the surface densified E. nitens had higher set-
recoveries (average 55-85%) which is more in
line with values from other species seen in the
literature.

Despite the bulk densified E. nitens having an
unusually low set-recovery, this level of irrevers-
ible swelling is still unlikely to be acceptable in
service, so an additional treatment, such as ther-
mal modification, would be required to reduce the
set-recovery further. Set-recovery following
humidity cycling was lower than that following
water soaking (averages from 7 to 32%), but
it followed a similar trend with bulk densified
E. nitens showing the lowest set-recovery in this
study. It would be worth investigating ways of
further reducing the set-recovery in E. nitens to
see if it can be eliminated.

Density profiles showed that the PD for each sam-
ple was generally within 1-2mm of the wood sur-
face and was often right on the surface. Having a
density peak close to the wood surface is benefi-
cial because it results in the maximum increase in
surface hardness for a given densification ratio,
but allowances must be made for some of the sur-
face material to be removed during final finishing,
eg, sanding.

The relationship between surface hardness and
average board density was independent of species
and grain orientation for the tested samples. For a
given density, surface densified boards had a
higher surface hardness than undensified and bulk
densified boards, which were not significantly dif-
ferent to each other.

In contrast with many softwood species, eucalypts
are typically quarter-sawn, both for appearance
and to reduce the incidence of drying degrade.
Overall, there were minimal differences in per-
formance between quarter-sawn and flat-sawn
boards following densification in this study. In
some cases, set-recovery and depth of PD, quarter-
sawn boards performed slightly better than flat-
sawn boards. This is a positive result for eucalypts,
as the densification process could be incorporated
with existing sawing and processing methods that
produce quarter-sawn timber, and consequently,
new applications of their use could be applied.
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Abstract. Image analysis is an important method for rapidly measuring wood property variation, but it is
infrequently applied to disks collected from forestry studies. The objective of this study was to compare
image-estimated wood and bark volumes and diameters to reference measurements, and to extract more
information from the images including the shape (out-of-round index, eccentric pith) and the amount and
location of severe compression wood. A total of 1120 disks were cut from multiple height levels of 48
defect-free and 56 defect-containing (forking, excessive sweep, and ramicorn branching) longleaf pine
(Pinus palustris) trees from 16 stands across Georgia (U.S.). Disks were machined on one transverse sur-
face using a computer numeric controlled router to prepare a clean surface for imaging. Three images, one
under white light, the second under blue light, and the third under blue light with a green longpass filter,
were taken for each disk. Volumes and diameters estimated from images were in close agreement with ref-
erence methods. Linear models fitted as measured vs image volumes for wood and bark had coefficient of
determination (R2) values of .0.99 and 0.96. Linear models fitted as measured vs image diameters had R2

values of .0.99. Out-of-round index and pith eccentricity values calculated from images showed a moder-
ate positive correlation (R 5 0.43). Algorithms developed were able to correctly identify severe compres-
sion wood, but not mild-to-moderate compression wood. Severe compression wood was moderately
correlated to out-of-round index (R 5 0.54) and pith eccentricity (R 5 0.48). More than 98% of the disks
having severe compression wood came from defect-containing trees.

Keywords: Compression wood, nondestructive evaluation, taper, wood and bark volume, wood
imaging, wood and fiber quality.

INTRODUCTION

Wood is a natural heterogeneous material with
properties that exhibit significant variability
(Zobel and van Buijtenen 1989; Thumm et al
2010). Within a species, variability exists within
annual rings, between annual rings, within trees
due to changes in cardinal direction and height,
between trees, between stands, and between dif-
ferent growing regions (Panshin and de Zeeuw
1980; Megraw 1985; Burdon et al 2004; Jordan
et al 2008; Auty et al 2013, 2014; Eberhardt et al
2018). To measure variability in wood and fiber

properties, typically cores are collected from trees,
or disks are destructively sampled from different
heights after felling (Zobel and van Buijtenen
1989; Eberhardt et al 2018). Disks are typically
either processed “whole” to collect wood and
bark specific gravity (SG) (density divided by the
density of water) and MC, or further cut into pith-
to-bark strips to provide information on radial var-
iation (Dahlen et al 2018; Eberhardt et al 2018;
Schimleck et al 2019).

Disks or bolts from felled trees can be used to
assess changes in diameter from the stump (tree
bottom) to the tip (tree top) to measure the stem
taper (Burkhart and Tom�e 2012). Outside bark
diameter is typically measured using a diameter
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tape, the inside bark diameter can be estimated
using a bark gauge, or averaging two diameter
measurements after felling, or from using a diam-
eter tape following careful bark removal (Eber-
hardt et al 2017). These diameter measurements
typically assume that the shape is circular, with
tree shape evaluated qualitatively; however,
research on quantitative assessment is advancing
through the use of LiDAR or photogrammetric
point clouds (Morgan et al 2022). In reality, disk
shapes are variable, and the pith is not centered
along the entire length of a tree. A major cause for
eccentric radial growth is due to the formation of
reaction wood, and in gymnosperms, it is termed
compression wood (Timell 1986). Compression
wood is generally darker in color than normal ear-
lywood but lighter than normal latewood, and it
has a high microfibril angle, high longitudinal
shrinkage, high lignin content, and low cellulose
content, which makes it unsuitable for lumber pro-
duction and undesirable for pulp and paper
(Timell 1986; Rune and Warensj€o 2002).

Nondestructive evaluation of wood is increasingly
being used in forestry and forest products
research, operations, and manufacturing (Ross and
Pellerin 1994; Ross 2015; Schimleck et al 2019).
Imaging is one of many nondestructive evaluation
tools which has seen extensive use (Evans 1994;
Evans et al 1999; Bucur 2003a, 2003b; Decellee
et al 2019; Wright et al 2019). For example, a
major industrial application of imaging is in lum-
ber manufacturing facilities, where the shape and
volume of logs is measured using high-resolution
laser scanners after debarking (Thomas and
Bennett 2014; Sauter et al 2019). Lumber can be
graded using single-pass X-ray scanners (Schajer
2001; Oh et al 2008, 2009), via the quantification
of knots using the “tracheid effect”, where a cam-
era detects the returned orientation of a series of
laser beams projected onto wood (Nystr€om 2003;
Roblot et al 2010; Habite et al 2020), or using arti-
ficial intelligence (Lopes et al 2020; Hwang et al
2021; Kodytek et al 2022). Research instruments
using imaging are numerous, but specific to wood
and fiber quality research is the SilviScan suite of
instruments that measure cell dimensions, microfi-
bril angle, and wood density (Evans 1994; Evans

et al 1999; Schimleck et al 2019). Comparatively,
there are a limited number of studies conducted
that describe imaging work done on whole-disks;
however, this is changing due to technological
advancements. In this regard, Pont et al (2007)
working with radiata pine (Pinus radiata) disks
using red-green-blue (RGB) images, delineated
annual rings and detected areas of compression
wood, and then created a three-dimensional (3D)
stem model showing varying levels of compres-
sion wood. Thumm et al (2010) developed partial
least squares regression models for near IR hyper-
spectral imaging data collected from radiata pine
cross-sectional disks to predict and visualize varia-
tion in lignin, galactose, and glucose content.
Riddell et al (2012) deployed flatbed scanning of
radiata pine disks (25-35-mm thick) using trans-
mitted light to measure spiral grain angles.
Thomas and Collings (2015) used circular polar-
ized light to enable 3D visualization of compres-
sion wood and spiral grain in microtome-cut
radiata pine transverse sections. Lerm et al (2017)
constructed a mobile in-field RGB imaging sys-
tem and imaged cross-cut sections of Pinus patula
logs to construct 3D models showing resin pock-
ets, pith location, branch structure, and log shape.
The DiscBot system developed by Scion was
designed to measure wood property variation both
radially and in circumference (Schimleck et al
2019). Raatevaara et al (2020) used RGB images
of the end faces of Norway spruce (Picea abies)
logs to extract out-of-roundness and pith eccen-
tricity data which they combined with stem taper
data to predict maximum bow height.

To calculate whole-disk SG of wood or bark,
green volume is typically measured using water
displacement because of the nonuniform disk
shape (ASTM 2017). Imaging presents an oppor-
tunity to not only replicate the volume measure-
ments needed for SG calculation but to further
extract information from disks particularly if the
surface quality is improved prior to imaging.
These additional measurements could include
assessments of disk shape, including how much a
disk is out of round and how far the pith is from
the geometric center of the disk; and the quantity
and location of compression wood. An important
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advantage of imaging is being able to store a digi-
tal record of the samples, as it is not typically fea-
sible to store disks well beyond the conclusion of
a study due to space considerations. Opportunities
to match images with reconstructed models, to
show within-tree variation with images, or even
determine outliers in data due to input errors, etc.
are possible with images. Hence, the objective of
this study was to compare wood and bark volume
information and inside and outside bark diameters
with reference measurements. Additional objec-
tives were to use the images to measure shape
information including how out of round the disks
are along with the pith eccentricity, and to esti-
mate the quantity of compression wood. Images
of green longleaf pine (Pinus palustris) disks
above the FSP without any drying were collected
to save measurement time and reduce cracking
that occurs during the drying of disks.

MATERIALS AND METHODS

Tree Selection and Disk Extraction

Samples used for this study were collected from
16 stands of planted, unthinned longleaf pine trees
throughout southern Georgia (U.S.). Stands sam-
pled were from either cutover forest sites (where
the previous rotation was trees; most likely south-
ern pine species) or old agricultural fields (the
prior rotation was not a tree species) (Hainds
2004; Johnson and Gjerstad 2006; Kush et al
2006), with eight stands sampled per site type.
Stands ages ranged from 12 to 25 yr. Trees were
classified as defect-free (no visible stem defects),
or defect-containing (herein referred to as defect
trees) ie fork, excessive sweep, or ramicorn

branching present. From each stand, 20 trees were
felled, with up to six defect trees sampled based
on the frequency of defect trees within each stand
(Raut et al 2022). From each stand, a subsample
representing all of the defect trees sampled, and
three defect-free trees representing a suppressed
(small), codominant (medium), and dominant
(large) tree were selected and used for the study
for a total of 104 trees.

Cross-sectional disks (approximate thickness of
50mm) were cut from the trees at fixed intervals:
0.15, 0.6, 1.37, and 2.44m, and from there every
1.22m along the tree up to the point, where the
outside bark diameter was 76mm. From the
forked trees, disks were extracted from the same
fixed height intervals up to the fork base before
the bifurcation, from each of the fork bases after
the bifurcation, and then from the height of the
forks, where the outside bark diameter was
76mm. A total of 1120 cross-sectional disks were
examined, with 56 defect trees (575 disks) and 48
defect-free trees (545 disks) (Table 1). The disks
were labeled, placed in plastic bags, sealed, and
transported from the field to a freezer in the
Wood and Fiber Quality lab at the University of
Georgia, where they were kept frozen until further
processing.

Disk Surfacing and Imaging

The disks were removed from the freezer and
thawed for 48 h after which they were removed
from their plastic bags. A three-axis computer
numerical controlled (CNC) router (Fine Line
Automation, Lebanon, PA) was used for machin-
ing one surface of the disks (Fig 1). The CNC

Table 1. Summary of the diameter outside bark (DOB) and diameter inside bark (DIB) for all the longleaf pine cross-
sectional disks used in this study.

Property

Defect-free Defects

Site type N Mean SD Min Max N Mean SD Min Max

Cutover
(N 5 519)

DOB (cm) 268 13.8 5.0 6.3 30.9 251 13.2 4.5 6.3 23.6
DIB (cm) 12.2 4.5 5.6 28.2 11.6 3.9 5.6 20.8

Old field
(N 5 601)

DOB (cm) 277 15.5 5.8 6.6 32.5 324 14.4 5.0 6.3 27.7
DIB (cm) 14.0 5.2 5.8 29.7 12.9 4.5 5.3 23.9

Overall
(N 5 1120)

DOB (cm) 545 14.6 5.5 6.3 32.5 575 13.9 4.8 6.3 27.7
DIB (cm) 13.1 4.9 5.6 29.7 12.3 4.3 5.3 23.9
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router was controlled using an Arduino microcon-
troller (Arduino AG, Somerville, MA) with step-
per motors used for linear motion. Since the disks
were cut in the field using a chainsaw, the disk
thickness varied. An ultrasonic distance sensor
(Micro Detectors UK6, Modena, Italy) mounted
on the y-axis of the CNC router was used to mea-
sure the thickness and the diameter of the disks.
The disks were held on the router bed using a
mechanical restraint. The router cut depth and
cutting path was adjusted based on the disk thick-
ness and diameter. The cutting bit used was an
Amana Tool RC-2257 surface planer (Newton,
IA). The router cut two passes on each disk, the
first pass alternated the cut direction from left to

right using the y-axis, where the router took
approximately 6.4mm off the surface of the disk
(z-axis) in 28mm passes (x-axis). The second
pass skimmed the disk with 0.3mm cut depth
(z-axis) in 60.5mm passes (x-axis). Cutting was
from left to right for the second pass, and after
each pass, the router returned to the left position
of the y-axis before moving up on the x-axis.
The second pass improved the surface for imag-
ing (Fig 2).

Following surface preparation, images of the
disks were taken using a custom-built setup with
a white background and controlled using an
Arduino microcontroller which interfaced with a
computer running Python (Python Software
Foundation, https://www.python.org/). Communi-
cation between the Arduino and Python was done
using serial commands. The camera used was an
Allied Vision Manta G-1236 with a 12.4-mega-
pixel sensor (Stadtroda, Germany) and a 12mm
lens (f/2.8) (Computar, Cary, NC). The camera
control was done using the Pymba library (https://
github.com/morefigs/pymba). Prior to imaging,
disk thickness was read by an ultrasonic sensor
(Micro Detectors UK6). A linear translation stage
with a stepper motor (step size 5 0.0254mm)
moved the top surface of the disk to 600mm from
the camera based on the disk thickness reading
from the ultrasonic sensor. Thus, each disk was
imaged with a fixed focal length from the camera

Figure 1. The three-axis computer numerical controlled
(CNC) router preparing a cross-sectional disk surface for
imaging.

Figure 2. The left image shows the typical surface quality of a chainsaw-cut wood disk; the right image shows the same disk
after surface preparation (background removed from both images).
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to ensure accurate calculation of diameter and
area measurements.

It was found that different steps in image proces-
sing were best achieved when the disks were lit
using different sources. As such, lighting for the
disks was done using two LED strip light sources;
white light with 4000K color temperature, and
blue light (475 nm) (Super Bright LEDs Inc., St.
Louis, MO). One challenge in working with
images that contain both wood and bark was iso-
lating the bark from the wood. During initial tests
that were focused on using fluorescence imaging
techniques with the blue LEDs and a 50-mm
diameter green longpass filter (.525 nm)
(Edmund Optics, Barrington, NJ) to detect com-
pression wood (Thomas 2014), it was observed

that the fluorescence image had clear separation
between the bark and the wood. A total of three
RGB images were taken for each machined disk.
The first image was taken using white light with
12.5ms exposure time (herein referred to as the
white image). The second image was taken using
blue light with 80ms exposure time (herein
referred to as the blue image). The third image
was taken under blue light with 500ms exposure
time with the longpass filter moved in front of the
lens using a stepper motor (herein referred to as
the filter image). The three images for one disk
are shown in Fig 3(a), note that the paint used to
mark the location on the tree to cut disks fluor-
esces and appears bright orange in the filter image
(this was not intended and discovered after field
sampling). Images were saved with each color

Figure 3. (a) A set of three images taken for a machined disk having a diameter outside bark (DOB) of 17.3 cm. Left: white
image; middle: blue image; right: filter image. (b) Image showing the green channel of the blue image (left) and an image of
the whole-disk mask (right). (c) White (left), blue (middle), and filter (right) images after the whole-disk mask was applied to
the original images.
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channel having an 8-bit depth, so pixel values ran-
ged from 0 to 255 for each channel.

Disk Measurements

Following imaging, the outside bark diameters
were measured to the nearest 0.1 cm with a diam-
eter tape, and the disks were weighed to the near-
est 0.01 g on a digital scale. The bark from the
disks was peeled off, inside bark diameters mea-
sured, and the disks weighed again. The total bark
weight for each disk was calculated from the dif-
ference in weight with and without bark. The
largest piece of bark from each disk, and the
peeled disks were used for volume measurement
where they were labeled and submerged in water
for 48-72 h. Following submerging, the bark
pieces and the peeled disks were measured (sepa-
rately) for their green volume to the nearest
0.01 cm3 using water displacement (ASTM
2017). The green volume of the bark piece was
then extrapolated to the total bark green volume
using the total bark weight for each disk.

Image Processing

Image processing was done in Python version
3.7 (Python Software Foundation, https://www.
python.org/) on the Spyder interface (Raybaut
2009) using the libraries OpenCV (Bradski
2000), NumPy (Harris et al 2020), and pandas
(McKinney 2010). The camera was calibrated
using various objects of known sizes and the
lens was checked for distortion using OpenCV
(Bradski 2000). Each pixel represented a length
of 0.167mm and an area of 0.0280 mm2.

Background isolation. The first step in image
processing was to isolate the background from the
wood and the bark. The green channel of the blue
image was used because the background was uni-
formly bright (pixel value 5 255), whereas the
wood and bark were darker (Fig 3[b], image on
the left). A mask of the background was created
by thresholding the image with any pixel less
than 255 being converted to 0 (wood and bark),
and any pixel equal to 255 as white (background)
(Fig 3[b], image on the right). The mask from

each disk was then applied to the white, blue, and
filter images (Fig 3[c]).

Wood and bark isolation. After isolating the
background, the location of the pith was manually
determined in Python with the coordinates saved
in a CSV file. The red channel of the filter image
was used to isolate the bark from the wood
because the inner bark near the wood and outer
bark were uniformly dark and thus enabled the
clear separation of wood and bark. The one area
where the bark was similar to the wood was at the
pith, which is made up of ground tissue, rather
than the rest of the wood made up of secondary
xylem tissue (Beck 2010). To isolate the pith
from the bark, a white mask was applied to the
pith using the coordinates of the pith (Fig 4, top
left image). An initial mask of the bark was cre-
ated by thresholding the image with any pixel
value less than 30 being converted to 255 (white)
and the rest of the pixels converted to 0 (black).
The bark mask was applied on the whole-disk
white images to remove the bark; however, some
regions on the outside of the bark were bright due
to the orange paint that fluoresced (Fig 3[a],
image on the right). To correct for this, the largest
contour (Arbel�aez et al 2011; Papari and Petkov
2011) of the image, which was the wood, was
retained and converted to a mask. A corrected
bark mask (Fig 4, top right image) was created
using the whole-disk mask and the wood mask.
The correct bark mask was then applied to each
whole-disk white image to isolate the wood from
the entire disk (Fig 4, bottom left image).

Wood and bark area. The whole-disk area in
pixels containing both the wood and bark was
determined by counting the number of nonwhite
pixels (pixel value ,255) in the blue channel of
the white image (Fig 3 c, image on the left). The
total wood area in pixels was determined by
counting the number of nonwhite pixels (pixel
value,255) from the blue channel of the isolated
wood image (Fig 4, bottom left image). The blue
channel of the white images was used in both
these instances because only the background was
white (pixel value 255) and none of the disk fea-
tures had a pixel value of 255. Other channels
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that allow whole-disk and wood area calculation
in a similar fashion include the green channel of
the white images, the red channel of the blue
images, and all the channels (red, green, and blue)
of the filter images. Hence, the red channel of the
white images, and the blue and green channels of
the blue images are not suitable for this purpose
because earlywood in these channels appeared
white (pixel value 255). The bark area was calcu-
lated by subtracting the wood area from the
whole-disk area.

Inside and outside bark diameters. The
whole-disk mask and the wood mask were used
to detect the edges by applying a canny edge
detection algorithm (Canny 1986) which returns a
one-pixel-wide outline of the wood and bark
edges with the edges as white (pixel value 255)

and the rest of the image black (pixel value 0). To
calculate the average inside and outside bark dia-
meters, the Euclidean distance from the pith coor-
dinates to each individual edge pixel coordinates
was determined and the mean radius was calcu-
lated, which was converted to diameter. To obtain
distinct edges prior to using canny edge detection,
a median filter was applied to the whole-disk
mask and the wood mask with a kernel (size
113 11), the images were then eroded with a ker-
nel (size 73 7), after which they were dilated
using a kernel (size 73 7) (Huang et al 1979;
Efford 2000; Singh 2019).

Out-of-round index and pith eccentricity. The
extent of a disk out of round was determined by
calculating an index value adapted from Fallah
et al (2012) which uses the maximum and the

Figure 4. The top left image shows the red channel of the filter image with a white mask applied to the pith and the wood
appearing lighter than the bark which appears much darker. The top right image shows the bark mask made using the whole-
disk mask and the wood mask found after finding the largest contour. The bottom left image shows the isolated wood after
applying the mask. The bottom right image shows the longest (green) and the shortest (red) diameters passing through the pith.
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minimum inside bark diameters in a plane that
included the pith of each disk as

Out-of-round index

5
Maximum diameter � Minimum diameter

Maximum diameter
:

(1)

To calculate the maximum and minimum inside
bark diameters, all the possible straight lines pass-
ing through the pith from each individual edge
pixel coordinates to their opposite ends in the
canny edge image of the wood mask were deter-
mined, and then the two straight lines with the
maximum and minimum length found (Fig 4, bot-
tom right image). With Eq 1, disks that were
more out of round would have an index value
closer to 1 while a disk from a circular stem
would have an index value closer to 0.

Pith eccentricity as defined by Moya et al (2008)
was calculated as the Euclidean distance between
the geometric center of the disk and the pith coor-
dinates and is expressed as a percentage of the
mean disk radius:

Pith eccentricity %ð Þ

5

Euclidean distance between the
pith and the geometric center

Mean radius 3 100:

(2)

To obtain the geometric center coordinates, a con-
tour finder algorithm on wood masks was applied
which would return a single contour and then the
central coordinates of the contour extracted via
image moments (Bradski 2000).

Severe compression wood. To detect severe
compression wood in disks, the white isolated
wood images (Fig 4, bottom left image) were
used and converted from RGB color space to the
YCrCB color space (Jack 2007). The Cb channel
(Fig 5, top left) shows the severe compression
wood as being brighter than the rest of the image.
The image was binarized (threshold) whereby any
pixel value less than or equal to 95 (determined
through experimentation) was not severe

compression wood, and any pixel value greater
than 95 was severe compression wood. The area
near the pith was falsely classified as severe com-
pression wood so after converting the image to
binary, the pith was removed based on its coordi-
nates. A median filter (Huang et al 1979; Singh
2019) was applied using a kernel (size 93 9) to
reduce noise. The resultant compression wood
mask is shown in Fig 5, top right. For the illustra-
tion of severe compression wood, the black pixels
were converted to lime green (R 5 153, G 5
255, and B 5 51) and this mask was applied
to the wood images (Fig 5, bottom left). The
resultant images were then manually checked to
determine if the technique classified severe com-
pression wood correctly.

The spatial distribution of severe compression
wood in disks from defect trees was quantified by
dividing the disks using a circular grid beginning
at the pith (Fig 5, bottom right). Triangles origi-
nating from the pith were constructed at
10-degree increments with 20-pixel radius incre-
ments. At each subsection, the amount of severe
compression wood as a percent of the subsection
was calculated. This provided both the quantity
and location of severe compression wood occur-
rence within a disk.

Statistical Analysis

Following the image analysis work in Python
(Python Software Foundation, https://www.
python.org/), the results were saved to a CSV file.
For the remaining statistical analysis and graphics,
R (R Core Team 2020) with the R studio interface
(RStudio 2020) was used, along with the tidyverse
collection of packages (Wickham et al 2019) for
data munging and ggplot2 (Wickham 2016) for
plotting. The length and area measurements in
pixels were converted to cm or cm2. Wood and
bark areas were multiplied by the thickness of the
disk (recorded using the ultrasonic sensor that
positioned the disk at a fixed distance from the
lens) to calculate the wood and bark volumes in
cm3. Plots were made for all volumes and diame-
ter measurements and linear models were fitted to
determine how accurate the images were to the
reference measurements. The accuracy of the
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image measurements was assessed by calculating
the coefficient of determination (R2) and mean
absolute percentage error.

A plot showing the out-of-round index for the
disks from defect and defect-free trees as a func-
tion of relative height (disk height divided by the
total height) was produced. Analysis of variance
(ANOVA) by means of a linear mixed effects
model where stands and trees were treated as ran-
dom factors was conducted using the lmerTest
package (Kuznetsova et al 2017) to test for differ-
ences in out-of-round index and pith eccentricity
in disks from defect and defect-free trees, and
from cutover and old field sites. A plot to show
the relationship between out-of-round index and

pith eccentricity was created and a locally esti-
mated scatterplot smoothing curve was fitted to
the data points. Severe compression wood detec-
tion accuracy was determined qualitatively
through a side-by-side visual inspection of white
images with images in which severe compression
wood was labeled. Spearman rank correlation was
computed to indicate the strength of association
between the amount of severe compression wood
occurrence in a disk with out-of-round index and
pith eccentricity. Quantity and location informa-
tion of severe compression wood in disks from
defect trees was used to create a single final map
that showed the spatial distribution of severe com-
pression wood. This was achieved in R using the

Figure 5. Steps involved in the detection and quantification of severe compression wood using the Cb channel (top left) from
the YCrCb colorspace image. Image after thresholding and binarizing after removing the pith and applying a median filter (top
right). The identified compression wood areas were then overlaid on wood-only images with lime green color for visualization
(bottom left). A figure showing the circular grid divided into a definite number of spatially labeled subsections overlaid on to
disk images from defect trees to enable quantification of severe compression wood with their location within a disk (bottom
right).
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gstat (Pebesma 2004; Gr€aler et al 2016), raster
(Hijmans 2022), and spatstat (Baddeley et al
2015) packages.

RESULTS

Wood and Bark Volumes and Outside Bark
and Inside Bark Diameters

The relationship between the reference measure-
ments and the image-estimated volume and diam-
eter measurements is shown in Fig 6. The four
measurements were in close agreement with the
image estimated measurements. The 1:1 line (dot-
ted line) showed that the images slightly overpre-
dicted wood and bark volumes. The images

slightly underpredicted the outside bark dia-
meters, particularly as the diameter increased,
while there was little difference between the two
inside bark diameter measurements.

Out-of-Round Index and Pith Eccentricity

The mean out-of-round index value for the disks
in this study was 0.06 (Table 2). The disks from
defect trees had a significantly higher mean out-
of-round index value (0.08) as compared with the
disks from defect-free trees (0.05) (p , 0.0001).
The first plot in Fig 7 shows that all the disks that
have an out-of-round index value greater than
0.20 come from defect trees. Mean out-of-round
index values for disks from cutover sites (0.07)

Figure 6. Reference wood and bark volumes and outside and inside bark diameter of disks plotted against the same estimates
obtained from images. The solid line in each of the four plots represents the linear model fitted for the data and the dotted line
represents the 1:1 line.

Table 2. Summary of out-of-round index and pith eccentricity for the overall data and separated by defect and defect-free
longleaf pine trees.

Property

Overall Defect-free Defect

Mean SD Min Max Mean SD Min Max Mean SD Min Max p value

Out-of-round index 0.06 0.05 0.01 0.64 0.05 0.02 0.01 0.19 0.08 0.06 0.01 0.64 ,0.0001
Pith eccentricity (%) 8.2 7.5 0.0 74.2 5.7 3.6 0.0 28.7 10.8 9.4 0.0 74.2 ,0.0001
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were not significantly different from old field sites
(0.06) (p 5 0.232). Disks that had the highest
out-of-round index values (.0.3) came from rela-
tive heights less than 0.3 from defect trees (Fig 7,
first plot). Disks that had the highest pith eccen-
tricity values (.40%) came from relative heights
less than 0.4 from defect trees, otherwise similar
conclusions as found for out-of-round index apply
here. Pith eccentricity showed a moderate positive
correlation with out-of-round index (R 5 0.43),
and when plotted (Fig 7, second plot) shows a
nonlinear relationship where out-of-round index
increased at an increasing rate as pith eccentricity
increased.

Severe Compression Wood

A total of 89 disks having severe compression
wood were visually identified and the amount of
severe compression wood was quantified. On
disks that did not have severe compression wood
(the remaining 1031 disks), latewood was falsely
classified as compression wood. Hence, the algo-
rithm is not recommended for images of disks that

do not have severe compression wood or have
only mild-to-moderate compression wood. In the
89 disks that had severe compression wood, on
average 30.3% of the wood portion of the disks
was comprised of severe compression wood
(Table 3). There were 49 disks from cutover sites
with 33.5% of the wood portion of the disks com-
posed of severe compression wood, which was
not significantly different from the 40 disks from
old field sites that had 26.3% (p 5 0.496). Exam-
ining the tree defect types for the 89 disks that
were classified as having severe compression
wood, a majority (54 out of 89) of the disks came
from trees that had excessive sweep (Table 4). On
average, 35.1% of the wood portion in those 54
disks from sweep trees was severe compression
wood. A total of 23 disks from trees classified as
having a combination of at least two or all possi-
ble visible stem defects which include forking,
sweep, and ramicorn branching had severe com-
pression wood occurrence; trees having such a
combination of visible stem defects were labeled
as “mixed defect” trees. There was only one disk
from a tree with no visible stem defect that had

Figure 7. Out-of-round index plotted against relative height for all the disks (first plot). Out-of-round index plotted against
pith eccentricity and a locally estimated scatterplot smoothing curve fitted to the data points shown in the second plot.

Table 3. Summary of the 89 longleaf pine disks that had severe compression wood.

Property

Overall (N 5 89) Cutover (N 5 49) Old field (N 5 40)

Mean SD Min Max Mean SD Min Max Mean SD Min Max p value

Compression wood (%) 30.3 15.8 6.8 62.3 33.5 16.4 6.8 61.9 26.3 14.2 7.2 62.3 0.496
Diameter inside bark (cm) 11.2 3.5 5.8 19.8 11.1 2.9 5.8 17.8 11.2 4.2 6.1 19.8 0.831
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severe compression wood (Table 4). Spearman
rank correlation coefficients, calculated to investi-
gate the strength of association between out-of-
round index and pith eccentricity with severe
compression wood quantity, showed that both
out-of-round index and pith eccentricity were
moderately correlated to severe compression
wood quantity with correlation coefficient values
of 0.54 and 0.48, respectively. A plot showing the
spatial distribution of severe compression wood
occurrence relative to the disk diameter in disks
from defect trees is shown in Fig 8. On average,
disks from defect trees had lower severe

compression wood (,1%) near the pith and the
amount increased toward the bark (6%).

DISCUSSION

It was demonstrated that imaging can be used to
replicate reference measurements done on wood
disks to calculate volume and diameter measure-
ments. Overall, the volume and diameter results
from the images provided similar results as the
reference measurements determined using water
displacement to measure volume, or using a diam-
eter tape to measure the diameter of the disks.
This was possible because of accurate camera cal-
ibration and a fixed focal length. The images
slightly overpredicted the wood and bark
volumes. The reason for the overprediction of
wood volume is that the disk surface is assumed
smooth in the images, with equal thickness
throughout the entire disk. However, as only one
surface was machined for imaging, the bottom
surface was still rough cut from the chainsaw.
This uneven surface on the bottom of the disk
resulted in a slight overprediction of volume.
Another reason for possible differences at the
individual disk level is that images are two-
dimensional, and the area calculated is for the one
surface that is imaged, and thus the imaging
ignores diameter changes with height due to taper
(Burkhart and Tom�e 2012). Other possible
sources of error are localized growth deformations
on the sides of the disks which are not accounted
for during imaging. In addition to biological dif-
ferences within the disks themselves is the accu-
racy of the ultrasonic sensor and the assumption
that the disks were of even thickness. It is impor-
tant to note that these errors were small and

Table 4. Summary of the 89 longleaf pine disks having severe compression wood occurrence in different defect types.

Defect

Compression wood (%) Out-of-round index Pith eccentricity (%)

Mean SD Min Max Mean SD Min Max Mean SD Min Max

Fork (N 5 11) 25.9 10.4 11.0 43.3 0.15 0.07 0.07 0.30 24.8 9.1 11.0 38.0
Sweep (N 5 54) 35.1 16.9 6.8 62.3 0.17 0.12 0.04 0.64 26.2 15.6 4.4 74.2
Mixed defects (N 5 23) 21.3 10.4 7.2 41.1 0.14 0.06 0.05 0.23 22.3 10.6 1.1 38.4
Defect-free (N 5 1) 24.8 — — — 0.07 — — — 21.9 — — —

Mixed defects include disks from trees that had a combination of at least two visible stem defects which included forking,
sweep, and ramicorn branching.

Figure 8. Spatial distribution of severe compression wood
relative to the disk diameter in disks from defect trees.
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imaging for wood volume had R2. 0.99. Another
possible source of error is any error in the refer-
ence method, since no method is without error.

The bark volume had lower accuracy than the
wood volume, but still high prediction accuracy
(R2 5 0.96). For wood volume, the volume mea-
surement of wood and the imaging are done on
the exact same piece, that is the full disk. Bark
has more error because the image volume of bark
was the entire bark, whereas with the reference
method, the largest piece of bark was used (since
bark comes off in pieces during the peeling pro-
cess), and the volume of the piece is scaled up to
the full bark volume based on the weight of the
bark vs the weight of the piece. Because the
image bark volume represents the entire bark vol-
ume, the image measurement is likely more accu-
rate than the work done on the piece of bark.

The measurement of diameter from the images
consistently underpredicted the outside bark diam-
eter, whereas there was almost no difference in
inside bark diameter measurements. After peeling
the bark from the wood, the wood surface is rela-
tively smooth and nearly free of any fissures.
Whereas with the outside bark diameter, as the
disks get larger, the outer bark shape is more irreg-
ular with more fissures (Eberhardt 2015). When
measuring the diameter using a diameter tape, the
diameter tape is pulled tight over the fissures
which overestimate the diameter slightly. With
smaller disks found higher up the tree, bark thick-
ness is more uniform, and smaller differences
were observed between the reference and the
image measurements. In longleaf pine, the inner
bark is approximately 15% of the total bark thick-
ness at the stump height, whereas toward the top
of the tree, the inner bark thickness is more than
40% of the total bark thickness (Eberhardt 2013).

Using the white light disk images, the amount of
severe compression wood within the disks was
estimated. It was acknowledged that it is an esti-
mate as the technique only worked for severe
compression wood. Generally, mild compression
wood can be difficult to quantify (Thomas and
Collings 2015). Here it was relatively easy to
determine if the method was working for a disk by

overlaying algorithm-detected severe compression
wood onto the actual image, and manually verify-
ing each disk for accuracy. The disks were imaged
green as the compression wood in fresh disks had
a darker reddish appearance which can improve
accuracy in detection when using an RGB camera
(Timell 1986; Nystr€om and Kline 2000). How-
ever, many researchers have noted the inability of
an RGB camera alone to accurately detect com-
pression wood areas (Duncker and Spiecker
2009), particularly for segmenting mild compres-
sion wood from latewood (Pont et al 2007). Late-
wood SG increases from pith to bark in southern
pines including longleaf pine, with the latewood
band of cells having lower density near the pith,
and these rings can be difficult to distinguish even
at higher resolution (Dahlen et al 2018). Nystr€om
and Kline (2000) used a multivariate regression
model to identify compression wood, using a color
line scan camera and X-rays. They concluded that
X-rays were not effective at compression wood
identification; however, their multivariate regres-
sion model which focused on color information
had an accuracy of more than 87% in detecting
compression wood. The relatively high accuracy
of compression wood identification by Nystr€om
and Kline (2000) may be due to the surface
imaged; they scanned the tangential and radial sur-
faces of green lumber, whereas the transverse sur-
face of cross-sectional disks were imaged here.
The amount of compression wood can be manu-
ally segmented on the disks themselves using a
planimeter, or alternatively, the areas can be man-
ually segmented using an image software, but
both methods are extremely time consuming
(Andersson andWalter 1995; Thomas 2014).

The fluorescence image could result in reliable
separation between the latewood and the compres-
sion wood, but it was not the case. Thomas (2014)
found that global values for thresholding compres-
sion wood were not successful for very juvenile
radiata pine (Pinus radiata) (aged 1-3 yr old), and
the same conclusion was reached here for longleaf
pine. At an individual disk level, mild compres-
sion wood can be distinguished from latewood,
and thus in the future, it may be possible to cor-
rectly identify compression wood using a machine
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learning approach (Michelucci 2018; Bhuyan
2019; Singh 2019); however, labeling the com-
pression wood is time-consuming. Duncker and
Spiecker (2009) found that hyperspectral imaging
had an accuracy greater than 91% in classifying
severe compression wood, moderate compression
wood, normal wood, and cracks in cross-sectional
disks of Norway spruce (Picea abies). Cutting
samples thin, either using a microtome, or to a
few mm in thickness and using transmitted light
can result in accurate quantification of compres-
sion wood, at the expense of greatly increased
sample preparation (Andersson and Walter 1995;
Rune and Warensj€o 2002; Thomas 2014; Thomas
and Collings 2015). Even though there are clear
challenges with compression wood identification,
the method was successful in extracting more
information than is typically attained without
imaging and the measurement and verification
process is relatively fast.

A major advantage of imaging disks over the ref-
erence methods is that the images enable other
measurements to be collected. For example, how
much a disk was out of round and how far the
pith was from the geometric center expressed as
pith eccentricity was calculated. Rune and Ware-
nsj€o (2002) calculated pith eccentricity and out-
of-roundness for 6-yr-old, planted Scots pine
(Pinus sylvestris) trees grown in Sweden and
reported that pith eccentricity values were highest
near the stem base, a finding that agrees with our
pith eccentricity results. Eccentric radial growth
and compression wood formation are often synon-
ymous (Timell 1980). Rune and Warensj€o (2002)
reported a Spearman rank correlation coefficient
of 0.44 between severe compression wood and
pith eccentricity, similar to 0.48 that was found in
this study. However, they found almost no corre-
lation (R5 0.06) between out-of-roundness and
severe compression wood and moderate correla-
tions (R5 0.36) between out-of-roundness and
pith eccentricity. Rune and Warensj€o (2002) cal-
culate out-of-roundness and pith eccentricity
slightly different from this study; however, it
is more probable that the different species and
the age of the trees impacted the results. Some
studies calculated the out-of-roundness and pith

eccentricity the same way as Rune and Warensj€o
(2002) (Warensj€o and Rune 2004; Raatevaara et al
2020) while others calculated them differently
(Williamson 1975; Moya et al 2008; Medhurst
et al 2011; Fallah et al 2012; Sauter et al 2019).
The study objective was not to go in-depth and
compare different studies on their methods to cal-
culate out-of-round index and pith eccentricity
values, but rather to show that the image analysis
steps described can provide information to enable
such calculations.

An additional advantage to imaging is the digital
record of the image itself, which can be used for a
number of purposes including comparing models
generated to the actual disks, visual reference for
different silvicultural treatments, as well as others.
There is comparably little information available
in the literature on imaging wood disks. The clos-
est work is from Scion’s DiscBot—which is a
purpose-built wood quality instrument consisting
of an RGB camera, a hyperspectral imaging sys-
tem, an acoustic velocity scanner, and an X-ray
system (Schimleck et al 2019). The DiscBot uses
dry disks which are cut in half prior to drying to
avoid cracking that occurs due to differential
shrinkage (radial shrinkage is less than tangential
shrinkage). After drying, the DiscBot system cap-
tures wood property variation both radially and
circumferentially. Most wood and fiber quality
studies looking at within-tree variation collect
disks from multiple height levels, but from each
disk, wood property variation is typically only
measured radially, and hence, variation in circum-
ference is not usually measured (Schimleck et al
2019). For example, the laboratory instruments
used at the Wood and Fiber Quality laboratory at
the University of Georgia are generally set up to
work for radial variation and thus cannot be used
on large disks. Here, using imaging on green
disks, the surface of the disks is machined,
imaged, and then processed as per the normal lab-
oratory procedures. While variation due to cir-
cumference is usually ignored, Eberhardt et al
(2018) found the northern side of mature longleaf
pine trees growing in the southeastern United
States to have higher ring SG and higher latewood
proportion compared with the southern side.
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Advancement in computing hardware in recent
times has enabled complex image analysis to be
carried out. For example, deep learning is one
such modern machine learning image processing
and data analysis tool that has shown considerable
potential (Kamilaris and Prenafeta-Bold�u 2018).
Computer vision-based wood identification is a
new research field in wood science where imaging
in combination with machine learning techniques
has been used to accurately identify various wood
species (Yadav et al 2017; Hwang and Sugiyama
2021; Ravindran et al 2021, 2022a, 2022b). It has
been noted that more complex, nonlinear methods
such as deep learning with neural networks that
use various convolutions to provide a hierarchical
representation of data could provide more accu-
rate estimates than existing, conventional methods
(Raatevaara et al 2020; Hwang and Sugiyama
2021). However, one drawback of deep learning
methods is the need for large datasets when train-
ing the models (Hwang and Sugiyama 2021). Per-
haps in the future, deep learning methods of image
classification of compression wood could result in
accurate quantification of mild and moderate com-
pression wood.

CONCLUSIONS

An imaging technique was developed to replicate
reference wood and bark volume measurements
typically made using water displacement. The
results from image analysis were in close agree-
ment with the results from the standard methods.
Outside bark and inside bark diameters measured
from images were also in close agreement with
the measurements taken using a diameter tape.
Imaging combined with effective surface prepara-
tion of green disks can aid in extracting accurate
spatial measurements from images. Discrepancies
between wood volume measurements were less
than bark volume measurements because the
wood volume measurement is done on whole-
disks for both the standard and imaging methods;
whereas the standard bark volume measurement
is done only on the largest piece obtained after
peeling bark from the green disk and the volume
of that piece is then extrapolated to the total bark
volume using the bark weight. Because the image

represents the entire surface of the bark, it is pos-
sible that bark volume measurement from an
image is more accurate than the reference method
made using a bark piece. There was almost no
difference between methods for measuring diame-
ter inside bark, whereas outside bark diameter
had more variability. The outside bark surface is
usually rough with fissures whereas the inside
bark surface is smooth and more consistent.

Estimates of how much a cross-sectional disk was
out of shape by calculating an out-of-round index,
and how far the pith was from the geometric cen-
ter by calculating pith eccentricity values were
made. Out-of-round index was found to have a
moderate positive correlation with pith eccentric-
ity. Disks that had the highest out-of-round index
and pith eccentricity values came from lower sec-
tions of a defect tree having at least one visible
stem defect. Both out-of-round index and pith
eccentricity were moderately correlated to severe
compression wood quantity. More than 98% of
the disks that had severe compression wood
occurrence came from defect trees. A majority of
the disks (more than 60%) having severe com-
pression wood came from trees that had excessive
sweep. It was not possible to isolate mild-to-
moderate compression wood from latewood using
global parameters, thus the parameters would
need to be tuned for each disk which necessitates
the use of complex machine-learning algorithms.
The methods developed in this study can be uni-
versally applied to cross-sectional disks from
other southern pines and tree species of different
age groups with slight modifications to the thresh-
old values mentioned for segmentation.
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Abstract. Previous studies on computer vision wood identification (CVWID) have assumed or implied
that the quality of sanding or knifing preparation of the transverse surface of wood specimens could influ-
ence model performance, but its impact is unknown and largely unexplored. This study investigates how
variations in surface preparation quality of test specimens could affect the predictive accuracy of a previously
published 24-class XyloTron CVWID model for Peruvian timbers. The model was trained on images of
Peruvian wood specimens prepared at 1500 sanding grit and tested on images of independent specimens (not
used in training) prepared across a series of progressively coarser sanding grits (1500, 800, 600, 400, 240,
180, and 80) and high-quality knife cuts. The results show that while there was a drop in performance at the
lowest sanding grit of 80, most of the higher grits and knife cuts did not exhibit statistically significant differ-
ences in predictive accuracy. These results lay the groundwork for a future larger-scale investigation into
how the quality of surface preparation in both training and testing data will impact CVWID model accuracy.

Keywords: XyloTron, computer vision wood identification, machine learning, deep learning, surface
preparation.

INTRODUCTION

The implementation and enforcement of sustain-
able, legal, and monetizable forest products value
chains require access to wood identification
expertise (Gasson 2011; Johnson and Laestadius
2011; Lowe et al 2016; UNODC 2016). This
expertise, using traditional laboratory methods, is

currently restricted to a handful of wood identifi-
cation experts and centers and is difficult to scale
up to meet global needs (Wiedenhoeft et al 2019).
Multiple technologies for automated wood identi-
fication have been researched to help address this
dearth of wood identification experts (Schmitz
et al 2020). Powered by advances in machine
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learning, democratized access to macroscopic
imaging tools such as the XyloTron and Xylo-
Phone (Ravindran et al 2020; Wiedenhoeft 2020),
and cloud-based processing platforms, computer
vision wood identification (CVWID, Khalid et al
2008; Hwang and Sugiyama 2021) has been dem-
onstrated to be an effective and affordable tech-
nology for automated wood identification at
country and continental scales for field screening
purposes (Ravindran et al 2018, 2019, 2020,
2022a, 2022b; de Geus et al 2020; Ar�evalo et al
2021).

In traditional macroscopic wood identification
(Panshin and de Zeeuw 1980; Hoadley 1990;
Wheeler and Baas 1998; Ruffinatto et al 2015),
experts with extensive training view anatomical
features on the transverse, and often radial and/or
tangential surface(s), and make taxonomical
determinations based on the size, frequency, com-
binations, and/or patterns of features they observe
(Miller et al 2002; Wiedenhoeft 2011; Ar�evalo
et al 2020; Ar�evalo and Wiedenhoeft 2022). In
CVWID, images with relevant wood anatomical
features are processed by a model to make an
identification (Khalid et al 2008; Esteban et al
2009; Filho et al 2014; Kwon et al 2017, 2019;
Rosa da Silva et al 2017; Barmpoutis et al 2018;
Figueroa-Mata et al 2018; Tang et al 2018;
Damayanti et al 2019; de Andrade et al 2020; He
et al 2020; Lens et al 2020; Souza et al 2020;
Fabija�nska et al 2021; Wu et al 2021). While a
taxonomic determination can be based on micro-
scopic or macroscopic features in the wood speci-
men, the focus of this study is macroscopic wood
identification, and CVWID will refer to image-
based macroscopic wood identification.

In both methods, since it is presumed that disparate
taxa can be identified based on visual differences
in anatomy, surface preparation is commonly
employed to make anatomical features visible (or
more visible). For traditional macroscopic wood
identification, a specimen’s transverse surface is
typically cut cleanly with a hand-held utility knife
(Hoadley 1990; Wiedenhoeft 2011), whereas both
knife cuts and sanding have been used for speci-
men surface preparation in prior CVWID works

(Cerre 2016; Barbosa et al 2021; Hwang and Sugi-
yama 2021).

While previous CVWID studies have assumed or
implied that the quality of surface preparation
could influence model performance, its impact is
unknown and largely unexplored (Wang et al
2013; Tang et al 2018; Damayanti et al 2019; de
Andrade et al 2020). Hwang and Sugiyama
(2021) suggest that effective models can be devel-
oped only by using images that show species-
specific anatomical features and posit that surface
preparation with a knife or sandpaper is necessary
to clearly reveal those characteristics. Ravindran
and Wiedenhoeft (2022) also argue that surface
preparation must be sufficient to reveal anatomical
characteristics relevant for identification. To the
authors’ knowledge, no study to date has attempted
to evaluate the impact of surface preparation on
CVWID model performance, especially when
there is a difference in sample preparation between
images of the training and testing specimens.

Ravindran et al (2021) presented the first national
scale, anatomically informed 24-class CVWID
model for Peruvian woods. They evaluated model
predictive accuracies using a novel surrogate field
testing methodology whereby mutually exclusive
training and testing specimens were procured
from separate xylaria—a practice that has been
shown to be critical for evaluating model general-
izability (Ravindran and Wiedenhoeft 2022). The
specimens in both the training dataset and the test-
ing dataset were polished to a sanding grit of
1500. As this Peruvian CVWID field model is
ready for deployment, there is an urgent need to
determine the approximate minimum surface qual-
ity needed for test specimens to maintain high pre-
dictive accuracy in real-life implementation.

This study evaluates the predictive accuracy of
Ravindran et al’s (2021) 24-class Peruvian
CVWID model, trained on images of specimens
prepared at 1500 sanding grit, with new testing
images of the prior test specimens prepared across
a series of progressively coarser sanding grits
(1500, 800, 600, 400, 240, 180, and 80) and high-
quality knife cuts to determine if the reduction in
surface quality leads to any reduction in model
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performance. Results of this initial study are
expected to inform future investigations into the
impact of surface preparation quality (of training
and testing data) on CVWID models. It should be
noted that the Peruvian CVWID model is evalu-
ated as previously published, with no subsequent
training or fine-tuning of the model weight
parameters.

MATERIALS AND METHODS

Datasets

Image datasets for model testing were captured
using 167 specimens from the David A. Kribs
Wood Collection (PACw) and teaching collec-
tions at Mississippi State University. One hundred
fifteen specimens used in field model testing in
Ravindran et al (2021) were included and supple-
mented with 52 correctly identified and validated
specimens from the teaching wood collection.
Four specimens used for model testing in Ravin-
dran et al (2021) were not included in this study
due to size and geometry constraints regarding
the effects of repeated sanding on specimen
longevity.

The transverse surfaces of the 167 specimens were
sanded by hand on a benchtop disc sander at des-
cending grits in the following order: 1500, 800,
600, 400, 240, 180, and 80. The sander was
equipped with an adjustable worktable to ensure
that the transverse surface remained perpendicular
to the longitudinal axis of each specimen during
preparation. After sanding, each sample was inspected
for burn marks and atypical sanding artifacts. If
any were found, they were gently resanded at the
same grit to remove them. Up to five images of the
prepared surfaces were collected using the Xylo-
Tron from each specimen after every grit setting.

A subset (75/167) of the sanded specimens
were cut cleanly with a hand-held utility knife
(Wiedenhoeft 2011) on their transverse surface.
After cutting, each sample was inspected with a
hand lens to ensure that the surface condition left
by the 80-grit preparation had been removed. The
specimens were imaged to yield up to five images
per specimen.

For the knife-cut dataset, it was not possible to
prepare specimens in PACw from two of the clas-
ses (Poulsenia and Schizolobium) due to reduced
specimen size from repeated sanding. Ten speci-
mens of each of these missing classes were pre-
pared and imaged from the reference collection
housed at the Universidad Nacional Agraria La
Molina (UNALM) in Peru. This resulted in seven
multigrit, 24-class image datasets using 167 speci-
mens and one knife-cut image dataset from 95
specimens.

Dataset details are summarized in Table 1. As in
Ravindran et al (2021), when referring to a

Table 1. Specimen counts for the test image datasets.

Class label
Sanded

(specimen counts)
Knife-cuta

(specimen counts)

Amburana 2 1
Aniba 2 1
Aspidosperma 5 2
BrosimumA 9 4
BrosimumU 2 2
Calycophyllum 7 2
Cariniana 8 4
Cedrela 20 7
Cedrelinga 6 6
Chorisia 5 4
Copaifera 3 3
Dipteryx 5 4
Eucalyptus 28 11
Guazuma 5 1
Hura 4 3
Maquira 2 1
Myroxylon 6 3
Ormosia 6 1
Pinus 2 1
Poulsenia 1 –

Pouteria 4 3
Schizolobium 3 –

Swietenia 15 8
Virola 17 3
Total 167 75

aFor the knife-cut dataset, images from the Poulsenia and
Schizolobium classes were not possible to source from the
PACw and Mississippi State University teaching collections
due to reduced size from repeated sanding. Ten additional
images for each of those missing classes were sourced from
the UNALM collection; however, those 20 images were not
used in the main comparison with the data from the sanding
grits due to statistical constraints, though, for completeness,
they are mentioned in Appendix A.
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CVWID class we use the class name without ita-
lics, but when referring to the same woods as
botanical entities, we use italicization (eg the class
Schizolobium vs the genus Schizolobium). Exem-
plar images from one specimen of Cariniana sp.
were compiled to show the differences in visual
surface quality at each grit (Fig 1).

Model Evaluation at Each Surface Quality

The XyloTron field model presented in Ravindran
et al (2021) was trained with transfer learning
(Pan and Yang 2010) using transverse surface
images from 1300 specimens (housed in the
USDA Forest Products Laboratory’s MADw and
SJRw collections) and prepared at exactly one

Figure 1. Exemplar images from the same specimen of Cariniana sp. showing the gradual decline in visual quality by des-
cending grit number. With coarser grits (smaller number), a gradual decline in feature visibility/clarity and gradual increase in
sandpaper artifacts can be observed. Each image shows 3.174mm3 1.587mm of tissue.
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sanding grit: 1500. The published weights for the
24-class convolutional neural network (CNN,
LeCun et al 1989; Goodfellow et al 2016), using
the ResNet50 (He et al 2015, 2016) backbone,
were used as-is with no further model training or
finetuning to generate specimen-level class pre-
dictions for the eight image datasets. The model
prediction pipeline was implemented using
PyTorch (Paszke et al 2019) and Scikit-learn
(Pedregosa et al 2011).

For each sample preparation condition, the top-1
and top-2 specimen-level prediction accuracies
were generated using image predictions from up
to five images contributed by the specimen. The
majority vote, with equal weighting, of the top-k
image-level predictions was taken as the corre-
sponding top-k specimen-level prediction for the
specimen contributing the images. A specimen is
correctly classified if its true label is in the k pre-
dicted labels.

Statistical Analyses

Differences in field model predictive accuracy
values (percent of specimens correctly identified)
among the eight sanding/knife preparation groups
were evaluated for statistical significance by
Cochran’s Q using IBM SPSS Statistics 28. Mul-
tiple comparisons were made by the method pro-
posed in Dunn (1964). p-Values were adjusted
using a Bonferroni correction to ensure an
experiment-wise error rate of 0.05. p-Values are
summarized in the main text. All test statistics
and p-values for individual multiple comparisons
are provided in Appendix A. Additionally, since
the statistical tests require that all data come from
the same specimens (N575), the data from the
20 UNALM specimens were not used for com-
parison with the sanding data, but, for the sake of
completeness, have been included as a separate
analysis (where N595) in Appendix A.

RESULTS AND DISCUSSION

The exemplar images of Cariniana sp. show a
gradual decline in surface quality and visibility of
anatomical features as the grit number decreases
and the coarseness of the surface increases

(Fig 1). While the decline is barely perceptible in
the higher grits, a noticeable decrease in feature
clarity and an increase in sanding artifacts can be
observed at around 240 grit. The knife-cut image
is perhaps most comparable to the sanding quality
at 400 grit.

For the specimens listed by class in Table 1, con-
fusion matrices for the top-1 specimen-level
predictions of the ResNet50-based model are pro-
vided to indicate visually where and how fre-
quently inaccurate predictions occurred (Fig 2).
The more inaccurate the performance, the more
off-diagonal cells appear darkened. A quick visual
comparison of the matrices reveals that the
80-grit matrix in the lower left exhibits the most
off-diagonal cells. The individual confusion
matrices in Fig 2, along with cell values and
annotations, are presented in Appendix A.

As the sample size for the knife-cut group (N 5
75) was smaller than those of the sanding grit
groups (N5 167), the results are presented in two
ways. When comparing the predictive accuracies
(percentages of correctly identified specimens) by
sanding grit group only, where N 5 167, there
was no statistically significant difference (p .
0.05) among the percentages of correctly identi-
fied specimens for 1500 (89.2%), 800 (95.2%),
600 (94.6%), 400 (93.4%), and 240 (88.6%)
(Fig 3). Grit 180 (84.4%) was significantly differ-
ent (p , 0.05) from 800 (95.2%), 600 (94.6%),
and 80 (62.9%) only. Grit 80 (62.9%) showed a
statistically significant difference from all other
grits.

When comparing the predictive accuracies by
sanding grit and knife-cut groups, where N 5 75,
there was no statistically significant difference
(p . 0.05) among the percentages of correctly
identified specimens for grits 1500 (93.3%), 800
(94.7%), 600 (96.0%), 400 (92.0%), 240 (92.0%),
180 (85.3%), and knife cuts (90.7%) (Fig 4). Grit
80 (69.3%) showed a statistically significant dif-
ference between all other grit and knife-cut
groups (p, 0.05).

The results of this investigation suggest that, for
these datasets, the CVWID model’s predictive
accuracy is robust to differences in surface
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Figure 2. Confusion matrices for top-1 specimen-level predictions of the ResNet50-based model. The sample preparation set-
tings, in raster order, are sanding at grits 1500, 800, 600, 400, 240, 180, 80, and knife cuts. The individual confusion matrices
in this figure, along with annotations, are presented in Appendix A.
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preparation among the knife cut and sanding grits
from 240 upward. At 80 grit, a sharp reduction in
predictive accuracy can be observed, which might
be due to the decline in feature visibility/clarity
(pore boundaries, rays, etc.) and an increase in
sandpaper artifacts of the kind exemplified by
Fig 1. This suggests that there is a point at which
the obscuring of anatomical detail and/or the
increase in surface preparation artifacts results in
reduced model performance, though this point
could vary by species due to differences in speci-
fic gravity, hardness, and/or other properties. As
variation in surface quality is a practical concern
for field deployment, the impact of obscured ana-
tomical features and sanding/knifing artifacts mer-
its further investigation to ensure that predictive
accuracy is not unnecessarily reduced by insuffi-
cient specimen preparation.

The deployment of CVWID systems can be
impacted by covariate shifts (between training
and deployment data), which can occur due to
wood anatomy variations (eg natural forest grown
vs plantation grown, changes due to environmen-
tal stresses) or operating condition variations (eg
sample preparation methods, imaging parameter
settings, operator skill). The focus of this study
was to evaluate the predictive accuracy of a
CVWID model with respect to one potential
source of operator-induced covariate shift—
explicit sample preparation differences between
training and testing stages. Our results show that
a model trained on a 1500-grit dataset has predic-
tive accuracies that are acceptable for field screen-
ing, on images from surfaces sanded at grits
coarser than 1500. Even though the predictive
accuracy drops sharply for the 80-grit dataset, a
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Figure 3. Comparison of Peru field model predictive accuracy (top-1) by sanding grit only (N 5 167). The percentages of
specimens correctly identified among the sanding grits were compared using Cochran’s Q with post hoc multiple comparisons
per Dunn (1964) with an experiment-wise error of 0.05. Multiple comparisons showed that there were no significant differences
(p . 0.05) among the groups with the following exceptions. * There was a statistically significant difference (p , 0.05)
between 180 grit and 800, 600, and 80, respectively. ** There was a statistically significant difference (p , 0.05) between
80 grit and all other grits, respectively.
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surface coarseness where the complete range of
anatomical features may not be reliably discerned,
the obtained accuracy of 62.9% is still consider-
ably better than random guessing (ie for a model
with 24 classes, an accuracy of �4% would be
expected). This suggests that the model gener-
alizes acceptably in the presence of sanding grit
differences between training and deployment data
when the surrogate field-testing approach is
employed for datasets from specimens from mul-
tiple xylaria.

It has been shown that there are biases inherent in
surrogate field testing (Ravindran and Wiedenhoeft
2022). It should be noted that the question of

optimal sample preparation during the training and
testing phases is still unknown and unexplored.
The results of this study suggest that for field
implementation of a model trained on high-grit
images with a human-in-the-loop modality (eg
in the xyloinf software for the XyloTron platform,
as distributed in Ravindran et al 2020), the predic-
tions are highly reliable at grits as low as 240.
Field polishing of a specimen from 80 to 240 grit
with a cordless drill and an appropriate sanding
pad requires only about 20 s (Wiedenhoeft, per-
sonal observation). Field polishing requires
significantly less skill and training than making
high-quality utility knife cuts but has a higher
hardware burden (cordless drill, batteries, chargers,
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bar) groups (N 5 75). The percentages of specimens correctly identified among all the groups were compared using Cochran’s
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access to power to recharge, the need to carry abra-
sives, etc.), and so may well not be practical in
some field contexts.

A comprehensive investigation of the effect sur-
face preparation has on the predictive accuracy of
CVWID models would necessitate examining the
effects each surface quality has on both training
and testing. As specimen preparation for the type
of imaging performed in this study is both labor
and time intensive, the authors elected to examine
first how varying the surface quality of the test
specimens might affect predictive accuracy when
the model was trained on images prepared at the
highest quality (1500 grit) as that directly impacts
the timely release of the Peruvian CVWID field
model. Results showing both statistically signifi-
cant and practical differences in performance
among various surface preparations in testing
justify a much greater investment of time and
resources introducing a second variable of train-
ing specimen preparation quality. As the training
specimens from the MADw and SJRw collections
outnumber the testing specimens in the PACw
collection by approximately eight times, repeating
this study with two variables would require many
more person-hours.

Prior works in CVWID have used sanding or
knife cuts for sample preparation before imaging
the prepared surfaces. Both these methods have
their pros and cons. The knife-cut method is
“quick” and field deployment friendly but making
consistent and safe knife cuts to produce a clean
surface on which the anatomical features are read-
ily observable is a skill that is practice-intensive.
In addition, manipulating the knife, hand, and
wrist to cleanly cut the ends of flush and tightly
packed bundled lumber in situ without first
extracting a small subsample may prove difficult
or impossible. On the other hand, sanding pro-
duces consistent surfaces and is well-suited for
collecting large image datasets, thus a method of
choice heretofore. One way to leverage the posi-
tives of the two approaches would be to employ
sanding for training image datasets and using
good, clean, and skillful utility knife cuts in the
field, but, as noted above, this requires operator
training and skill and may not be logistically

feasible in some field contexts. Another advan-
tage of constructing training datasets from finely
sanded surfaces is that they can be used for the
creation of digital archives of reference images
which can be used for educational purposes. It is
also easier to apply software-based image degra-
dation approaches for data augmentation during
the training procedure to improve model general-
izability if one begins with high-quality images
showing anatomical detail—there is no known
method to enhance a low-quality dataset to
include anatomical features not already observ-
able. While our results suggest that the approach
of using data from sanded surfaces for training
and using utility knife cuts during deployment
may be feasible for the creation of operational,
field-deployable CVWID systems, the question of
the optimal sanding grit for the training dataset is
still open.

In principle, a path to robust models would be to
train models by pooling datasets from different
studies thus capturing a wide range of botanically
and operationally induced covariate shifts. Until
efforts for sharing and pooling multiple CVWID
datasets gain traction, and workers publish the
spatial scale of the images they collect (which is
often not done), the method of using finely sanded
specimens for training models and employing a
quicker method of sample preparation (clean
knife cuts or coarser grit sanding) in the field may
be a reasonable pathway to operational, field-
deployable CVWID systems.

CONCLUSIONS

This evaluation of a previously published 24-class
CVWID model, trained on images of Peruvian
specimens prepared at 1500 sanding grit, with
new testing images of the prior test specimens
prepared across a series of progressively coarser
sanding grits (1500, 800, 600, 400, 240, 180, and
80) showed a robustness of predictive accuracy
at grits 240 and higher and a reduction in perfor-
mance at 180 grit and 80 grit. Moreover, it
indicated that the predictive accuracy on the spe-
cimens prepared with utility knife cuts was not
statistically different from that of the images
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prepared at 180 grit and above. These results sug-
gest that there is a point at which the obscuring of
anatomical detail and/or the increase in surface
preparation artifacts on test specimens result in
reduced model performance, but minor differ-
ences at higher levels of surface preparation qual-
ity have little to no practical effect. As variation
in surface preparation quality is a pragmatic con-
cern for field deployment, the impact it has on
predictive accuracy merits further investigation.
These results lay the groundwork for a future
larger-scale investigation into how the quality of
surface preparation in both training and testing
data will impact CVWID model accuracy. Mod-
els will be trained at progressively coarser grits
and tested, for each grit, against the images of
each testing grit used in this study.
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APPENDIX A

Table A1. Cochran’s Q test for Fig 3.

Total N 167
Test statistic 152.437
Degree of freedom 6
Asymptotic sig. (2-sided test) 0.000

Table A2. Pairwise comparisons for Fig 3.

Sample 1-Sample 2 Test statistic Std. error Std. test statistic Sig. Adj. sig.a

Grit80-Grit180 0.216 0.032 6.815 ,0.001 0.000
Grit80-Grit240 0.257 0.032 8.140 ,0.001 0.000
Grit80-Grit1500 0.263 0.032 8.329 0.000 0.000
Grit80-Grit400 0.305 0.032 9.655 0.000 0.000
Grit80-Grit600 0.317 0.032 10.033 0.000 0.000
Grit80-Grit800 0.323 0.032 10.222 0.000 0.000
Grit180-Grit240 0.042 0.032 1.325 0.185 1.000
Grit180-Grit1500 0.048 0.032 1.514 0.130 1.000
Grit180-Grit400 0.090 0.032 2.840 0.005 0.095
Grit180-Grit600 0.102 0.032 3.218 0.001 0.027
Grit180-Grit800 0.108 0.032 3.407 ,0.001 0.014
Grit240-Grit1500 0.006 0.032 0.189 0.850 1.000
Grit240-Grit400 0.048 0.032 1.514 0.130 1.000
Grit240-Grit600 0.060 0.032 1.893 0.058 1.000
Grit240-Grit800 0.066 0.032 2.082 0.037 0.784
Grit1500-Grit400 20.042 0.032 21.325 0.185 1.000
Grit1500-Grit600 20.054 0.032 21.704 0.088 1.000
Grit1500-Grit800 20.060 0.032 21.893 0.058 1.000
Grit400-Grit600 0.012 0.032 0.379 0.705 1.000
Grit400-Grit800 0.018 0.032 0.568 0.570 1.000
Grit600-Grit800 0.006 0.032 0.189 0.850 1.000

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. Asymptotic significances (2-sided
tests) are displayed. The significance level is 0.05.

aSignificance values have been adjusted by the Bonferroni correction for multiple tests.

Table A3. Cochran’s Q test for Fig 4.

Total N 75
Test statistic 56.751
Degree of freedom 7
Asymptotic sig. (2-sided test) ,0.001
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Table A4. Pairwise comparisons for Fig 4.

Sample 1-Sample 2 Test statistic Std. error Std. test statistic Sig. Adj. sig.a

Grit80-Grit180 0.160 0.043 3.735 ,0.001 0.005
Grit80-Knife 20.213 0.043 24.980 ,0.001 0.000
Grit80-Grit400 0.227 0.043 5.292 ,0.001 0.000
Grit80-Grit240 0.227 0.043 5.292 ,0.001 0.000
Grit80-Grit1500 0.240 0.043 5.603 ,0.001 0.000
Grit80-Grit800 0.253 0.043 5.914 ,0.001 0.000
Grit80-Grit600 0.267 0.043 6.225 ,0.001 0.000
Grit180-Knife 20.053 0.043 21.245 0.213 1.000
Grit180-Grit400 0.067 0.043 1.556 0.120 1.000
Grit180-Grit240 0.067 0.043 1.556 0.120 1.000
Grit180-Grit1500 0.080 0.043 1.868 0.062 1.000
Grit180-Grit800 0.093 0.043 2.179 0.029 0.822
Grit180-Grit600 0.107 0.043 2.490 0.013 0.358
Knife-Grit400 0.013 0.043 0.311 0.756 1.000
Knife-Grit240 0.013 0.043 0.311 0.756 1.000
Knife-Grit1500 0.027 0.043 0.623 0.534 1.000
Knife-Grit800 0.040 0.043 0.934 0.350 1.000
Knife-Grit600 0.053 0.043 1.245 0.213 1.000
Grit400-Grit1500 0.013 0.043 0.311 0.756 1.000
Grit240-Grit1500 0.013 0.043 0.311 0.756 1.000
Grit400-Grit800 0.027 0.043 0.623 0.534 1.000
Grit240-Grit800 0.027 0.043 0.623 0.534 1.000
Grit400-Grit600 0.040 0.043 0.934 0.350 1.000
Grit240-Grit600 0.040 0.043 0.934 0.350 1.000
Grit400-Grit240 0.000 0.043 0.000 1.000 1.000
Grit1500-Grit800 20.013 0.043 20.311 0.756 1.000
Grit1500-Grit600 20.027 0.043 20.623 0.534 1.000
Grit800-Grit600 20.013 0.043 20.311 0.756 1.000

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. Asymptotic significances (2-sided
tests) are displayed. The significance level is 0.05.

aSignificance values have been adjusted by the Bonferroni correction for multiple tests.

190 WOOD AND FIBER SCIENCE, NOVEMBER 2023, V. 55(2)



86.3

0
10
20
30
40
50
60
70
80
90

100

Knife Cut (N=95)

%
  S

pe
ci

m
en

s C
or

re
ct

ly
 Id

en
�fi

ed

Knife Cut Field Model Accuracy for 
Supplemented Dataset (Top-1)

Figure A1. Predictive accuracy for knife-cut dataset including 10 additional specimens of Poulsenia and 10 additional speci-
mens of Schizolobium, all from the UNALM collection (N5 95).
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Figure A2. Comparison of Peru field model predictive accuracy (top-2) by sanding grit only (N 5 167). The percentages of
specimens correctly identified among all the groups were compared using Cochran’s Q with post hoc multiple comparisons per
Dunn (1964) with an experiment-wise error of 0.05. Multiple comparisons showed that there were no significant differences
(p . 0.05) among the groups with the following exceptions. ** There was a statistically significant difference (p , 0.05)
between 80 grit and all other grits, respectively.
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Table A5. Cochran’s Q test for Fig A2.

Total N 167
Test statistic 141.089
Degree of freedom 6
Asymptotic sig. (2-sided test) 0.000

Table A6. Pairwise comparisons for Fig A2.

Sample 1-Sample 2 Test statistic Std. error Std. test statistic Sig. Adj. sig.a

T2_Grit80-T2_Grit180 0.192 0.024 7.976 ,0.001 0.000
T2_Grit80-T2_Grit1500 0.204 0.024 8.475 0.000 0.000
T2_Grit80-T2_Grit240 0.210 0.024 8.724 0.000 0.000
T2_Grit80-T2_Grit400 0.222 0.024 9.223 0.000 0.000
T2_Grit80-T2_Grit800 0.228 0.024 9.472 0.000 0.000
T2_Grit80-T2_Grit600 0.234 0.024 9.721 0.000 0.000
T2_Grit180-T2_Grit1500 0.012 0.024 0.499 0.618 1.000
T2_Grit180-T2_Grit240 0.018 0.024 0.748 0.455 1.000
T2_Grit180-T2_Grit400 0.030 0.024 1.246 0.213 1.000
T2_Grit180-T2_Grit800 0.036 0.024 1.496 0.135 1.000
T2_Grit180-T2_Grit600 0.042 0.024 1.745 0.081 1.000
T2_Grit1500-T2_Grit240 20.006 0.024 20.249 0.803 1.000
T2_Grit1500-T2_Grit400 20.018 0.024 20.748 0.455 1.000
T2_Grit1500-T2_Grit800 20.024 0.024 20.997 0.319 1.000
T2_Grit1500-T2_Grit600 20.030 0.024 21.246 0.213 1.000
T2_Grit240-T2_Grit400 0.012 0.024 0.499 0.618 1.000
T2_Grit240-T2_Grit800 0.018 0.024 0.748 0.455 1.000
T2_Grit240-T2_Grit600 0.024 0.024 0.997 0.319 1.000
T2_Grit400-T2_Grit800 0.006 0.024 0.249 0.803 1.000
T2_Grit400-T2_Grit600 0.012 0.024 0.499 0.618 1.000
T2_Grit800-T2_Grit600 20.006 0.024 20.249 0.803 1.000

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. Asymptotic significances (2-sided
tests) are displayed. The significance level is 0.05.

aSignificance values have been adjusted by the Bonferroni correction for multiple tests.

192 WOOD AND FIBER SCIENCE, NOVEMBER 2023, V. 55(2)



97.3 96.0 98.7 97.3 98.7 97.3

82.7**

98.7

0

10

20

30

40

50

60

70

80

90

100

1500 800 600 400 240 180 80 Knife

%
  S

pe
ci

m
en

s C
or

re
ct

ly
 Id

en
�fi

ed

Sanding Grit or Knife Cut (N=75)

Field Model Predic�ve Accuracy by Test Specimen Sanding Grit 
or Knife Cut (Top-2)

Figure A3. Comparison of Peru field model predictive accuracy (top-2) by sanding grit (solid bars) and knife-cut (patterned
bar) groups (N 5 75). The percentages of specimens correctly identified among all the groups were compared using Cochran’s
Q with post hoc multiple comparisons per Dunn (1964) with an experiment-wise error of 0.05. Multiple comparisons showed
that there were no significant differences (p . 0.05) among the groups with the following exceptions. ** There was a statisti-
cally significant difference (p, 0.05) between 80 grit and all other grits, respectively.

Table A7. Cochran’s Q test for Fig A3.

Total N 75
Test statistic 47.652
Degree of freedom 7
Asymptotic sig. (2-sided test) ,0.001
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Table A8. Pairwise comparisons for Fig A3.

Sample 1-Sample 2 Test statistic Std. error Std. test statistic Sig. Adj. sig.a

T2_Grit80-T2_Grit800 0.133 0.029 4.554 ,0.001 0.000
T2_Grit80-T2_Grit1500 0.147 0.029 5.010 ,0.001 0.000
T2_Grit80-T2_Grit400 0.147 0.029 5.010 ,0.001 0.000
T2_Grit80-T2_Grit180 0.147 0.029 5.010 ,0.001 0.000
T2_Grit80-T2_Grit600 0.160 0.029 5.465 ,0.001 0.000
T2_Grit80-T2_Grit240 0.160 0.029 5.465 ,0.001 0.000
T2_Grit80-T2_ Knife 20.160 0.029 25.465 ,0.001 0.000
T2_Grit800-T2_Grit1500 0.013 0.029 0.455 0.649 1.000
T2_Grit800-T2_Grit400 20.013 0.029 20.455 0.649 1.000
T2_Grit800-T2_Grit180 20.013 0.029 20.455 0.649 1.000
T2_Grit800-T2_Grit600 20.027 0.029 20.911 0.362 1.000
T2_Grit800-T2_Grit240 20.027 0.029 20.911 0.362 1.000
T2_Grit800-T2_Knife 20.027 0.029 20.911 0.362 1.000
T2_Grit1500-T2_Grit400 0.000 0.029 0.000 1.000 1.000
T2_Grit1500-T2_Grit180 0.000 0.029 0.000 1.000 1.000
T2_Grit1500-T2_Grit600 20.013 0.029 20.455 0.649 1.000
T2_Grit1500-T2_Grit240 20.013 0.029 20.455 0.649 1.000
T2_Grit1500-T2_Knife 20.013 0.029 20.455 0.649 1.000
T2_Grit400-T2_Grit600 0.013 0.029 0.455 0.649 1.000
T2_Grit180-T2_Grit600 0.013 0.029 0.455 0.649 1.000
T2_Grit400-T2_Grit180 0.000 0.029 0.000 1.000 1.000
T2_Grit400-T2_Grit240 20.013 0.029 20.455 0.649 1.000
T2_Grit400-T2_ Knife 20.013 0.029 20.455 0.649 1.000
T2_Grit180-T2_Grit240 0.013 0.029 0.455 0.649 1.000
T2_Grit180-T2_ Knife 20.013 0.029 20.455 0.649 1.000
T2_Grit600-T2_Grit240 0.000 0.029 0.000 1.000 1.000
T2_Grit600-T2_ Knife 0.000 0.029 0.000 1.000 1.000
T2_Grit240-T2_ Knife 0.000 0.029 0.000 1.000 1.000

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. Asymptotic significances (2-sided
tests) are displayed. The significance level is 0.05.

aSignificance values have been adjusted by the Bonferroni correction for multiple tests.

94.7

0

10

20

30

40

50

60

70

80

90

100

Knife Cut (N=95)

%
  S

pe
ci

m
en

s C
or

re
ct

ly
 Id

en
�fi

ed

Knife Cut Field Model Accuracy for 
Supplemented Dataset (Top-2)

Figure A4. Predictive accuracy for knife-cut dataset including 10 additional specimens of Poulsenia and 10 additional speci-
mens of Schizolobium, all from the UNALM collection (N5 95).
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Figure A5. Confusion matrix for ResNet50, 1500 sanding grit.
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Figure A6. Confusion matrix for ResNet 50, 800 sanding grit.
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Figure A7. Confusion matrix for ResNet 50, 600 sanding grit.
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Figure A8. Confusion matrix for ResNet 50, 400 sanding grit.
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Figure A9. Confusion matrix for ResNet 50, 240 sanding grit.
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Figure A10. Confusion matrix for ResNet 50, 180 sanding grit.
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Figure A11. Confusion matrix for ResNet 50, 80 sanding grit.
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Figure A12. Confusion matrix for ResNet 50, knife cuts.
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PROFESSIONAL PAGES

SUMMARY OF AWARDS PRESENTED AT 2023 SWST CONVENTION,
JUNE 25-30, 2023, CROWNE PLAZA RESORT IN ASHEVILLE,

NORTH CAROLINA, USA

GEORGE MARRA EXCELLENCE IN WRITING

The George Marra Award is given in memory of
George Marra by the Marra Family in recognition
of George’s devotion to excellence in writing.
Every article in each issue of the most recent vol-
ume of Wood and Fiber Science is read and
judged by a committee. The committee for 2023
included: Chair of Committee; Duncan Mayes,
Lignutech Oy (Ltd), Finland; Laurence Schim-
leck, OR State University, USA; Joe Loferski,
VA Tech, USA.

First Place

Olsson A, Pot G, Viguier J, Hu M, Oscarsson J
(2022) Performance of timber board models for
prediction of local bending stiffness and

strength—with application on douglas fir sawn
timber. Wood Fiber Sci 54(4):226-245.

Second Place

Lipovac D, Wie S, Nyrud AQ, Burnard MD
(2022) Perception and evaluation of (modified)
wood by older adults from Slovenia and Norway.
Wood Fiber Sci 54(1):45-59.

Third Place

Tracye M, Murphy L, Schimleck, Landers A
(2022) Evaluating log stiffness using acoustic
velocity for manufacturing structural oriented
strand board. Wood Fiber Sci 54(2):9-110.

STUDENT POSTER COMPETITION

The purpose of the Student Poster Competition is
to encourage student membership and participa-
tion in the Society of Wood Science and Technol-
ogy (SWST), encourage student attendance at the
SWST International Conference, recognize excel-
lence in student research, and improve the visibil-
ity of student research efforts. A committee of
four on a 100-point scale, using the following
criteria, evaluated the abstracts and poster
presentations:

Submitted Abstract

1. Soundness of research hypothesis (10 points)
2. Scientific writing ability (10 points)
3. Organization (10 points)

Poster Presentation

4. Scientific merit (newness, breadth of interest,
and potential impact of the research) (15
points)

5. Experimental design and thoroughness of
investigation (15 points)

6. Validity of conclusions (15 points)
7. Organization and visual quality of presenta-

tion (15 points)
8. Response to questions of judges (10 points)

This year’s panel of student poster judges were:
Chair: Henry Quesada, Purdue University, USA;
Eva Haviarova, Purdue University, USA; Gloria
Oporto, West Virginia University, USA; Brian
Bond, Virginia Tech, USA.

Wood and Fiber Science, 55(2), 2023, pp. 203-207
https://doi.org/10.22382/wfs-2023-16
© 2023 by the Society of Wood Science and Technology



Student Poster Competition Participants

Oluwafunbi Adeleye, Oregon State University,
United States, “Long-Term Response of Wood-
Based Composites in Variable Climate Conditions”

Courage Alorbu, University of Idaho, United
States, “Leachability and Biological Decay Resis-
tance of Zinc Oxide Eugenol Organic Cement
Treated Wood”

Nelson Barrios, North Carolina State University,
United States, “Unveiling the Nanocellulose-Water
Interactions Through Computational Simulations”

Christina Bjarvin, University of Washington,
United States, “Reuse, Recycle, Incinerate, or
Landfill? LCA-Based Environmental Implications
of End-of-Life Scenarios for Mass Timber
Buildings”

Chih Cheng Chen, Purdue University, United
States, “The Bending Moment Capacity of the
Lap and Dowel Joints Fabricated from Salvaged
CLT Panels”

Lieke Droog, University of Washington, United
States, “Global Warming Mitigating Role of For-
ests in Washington State, by Land Ownership
Type”

Avani Flanagan, Eastern Illinois University,
United States, “Assessing the Potential Use of a
CBD Extraction Byproduct as a Wood Finishing
Product”

Yu Fu, University of North Texas, United States,
“Life Cycle Assessment of Laboratory Scale Bio-
logical Hemp Retting Process”

Lei Han, Inno Renew CoE & University of Pri-
morska, Slovenia, “A Review on Adhesive and
Metal-Free Assembly Techniques for Prefabri-
cated Multi-Layer Engineered Wood Products”

Sungjun Hwang, University of Maine, United
States, “Utilization of CNC Nanoparticles Pre-
pared Via Ultrasonic Spray Dryer as Reinforce-
ment for PVA-Composite Films”

Daisuke Kanagaki, Chiba University, Japan,
“Experimental Study of Reinforcement by Self-
Tapping Screws on Glulam Beams”

Lena Maria Leiter, University of Natural
Resources and Life Sciences, Vienna, Austria,
“Introducing WOOD*VERSITY”

Dan Meyer, North Carolina University, United
States, “End-Grain Flooring from Underutilized
Raw Materials: Solution to Extend and Enhance
the Hardwood Resource”

Griffin Miller, North Carolina University,
United States, “Functionalization of Cellulose
for Biocomposite Compatibility: Toughening of
P3HB/PLA Composites”

Jue Mo, Purdue University, United States, “Effect
of Surface Thermal Treatment on Colors of Three
Hardwood Species: Application of Artificial Neu-
ral Network”

Liam O’Brien, University of Maine, United
States, “Hygrothermal Simulation of a Wood-
Fiber Insulated Panel (WIP) Wall Assembly in
Selected Climate Zones”

Ighoyivwi Onakpoma, Oregon State University,
United States, “Wood Property Variation Within
Douglas Fir Trees Grown at Different Spacing”

Christoph Preimesberger, Wood K Plus—
Kompetenzzentrum Holz GmbH, Austria, “Auto-
ignition Behavior of Wood – Impact of Size and
Temperature”

Lea Primo�zi�c, Inno Renew CoE & University of
Primorska, Slovenia, “Outreaching and Informing
Society About Sustainable Construction Through
Social Media”

Andreas Tockner, University of Natural
Resources and Life Sciences, Vienna, Austria,
“Individual Tree Analysis via Person-Carried
Laser Scanning (PLS) in Forest Stands”

Ting-ho Tsai, Purdue University, United States,
“Developing Potential Value-Added Product of
Small-Diameter Timber in Indiana”

Fernando Urdaneta, North Carolina University,
United States, “Hemp Hurds Alkaline Peroxide
Mechanical Pulp for Hygiene Tissue Applications”

Cody Wainscott, Oregon State University,
United States, “In-Depth Characterization of



Bondlines in Cross-Laminated Timber Made with
Preservative-Treated Lumber”

Xueqi Wang, Auburn University, United States,
“Spray-Dried Cellulose Nanocrystal Reinforced
Homopolymer Polypropylene Composites”

Lukmanul Hakim Zaini, University of Natural
Resources and Life Sciences, Vienna, Austria,
“Ultra-Lightweight Foamed Insulation Panels
Made of Oil Palm Trunk Fibres”

Ke Zhan, Auburn University, United States,
“Mechanical Morphological Properties, and Crys-
tallization Kinetics of Polypropylene/High Density
Polyethylene/Microcrystalline Cellulose Composite”

Student Poster Competition Winners

First Place: Lukmanul Hakim Zaini, University
of Natural Resources and Life Sciences, Vienna,
Austria, “Ultra-Lightweight Foamed Insulation
Panels Made of Oil Palm Trunk Fibres”

Second Place: Andreas Tockner, University of
Natural Resources and Life Science, Vienna,
Austria, “Individual Tree Analysis via Person-
Carried Laser Scanning (PLS) in Forest Stands”

Third Place: Cody Wainscott, Oregon State
University, USA, “In-Depth Characterization of
Bondlines in Cross-Laminated Timber Made With
Preservative-Treated Lumber”

STUDENT ORAL PRESENTATIONS

In 2021, SWST began awards for student oral
presentations to encourage participation and atten-
dance at the SWST International Convention.
This year’s judges were: Chair: Jeff Morrell, Uni-
versity of the Sunshine Coast, Australia; and Sue
Anagnost, State University of New York College
of Environmental Science and Forestry (SUNY
ESF), USA.

For 2023, the winners are:

First Place: Andreas Tockner, University of
Natural Resources and Life Sciences, Vienna,
Austria, “Individual Tree Analysis via Person-
Carried Laser Scanning (PLS) in Forest Stands”
Second Place: Fernando Urdaneta, North
Carolina State University, United States, “Hemp
Hurds Alkaline Peroxide Mechanical Pulp for
Hygiene Tissue Applications”
Third Place: Minami Suzuki, Chiba University,
Japan, “Study on Load-Bearing Capacity and
Failure Modes of Tensile-Bolted Joints in
Timber Structures”

Distinguished Service Award

The SWST Distinguished Service Award is
given in recognition of distinguished service to
the profession as a whole and for extraordinary

contributions to wood science and technology.
Such service may have been made in any educa-
tional, technological, scientific, or professional
area directly related to the profession of Wood
Science and Technology in furtherance of the
objectives of the Society as outlined in its Consti-
tution and Bylaws. Guidelines for the award
can be found at http://www.swst.org/wp/awards/
award-distinguished-service-profession-wood-
science-technology/. The 2023 winner is Susan
Anagnost, a professor at the State University of
New York College of Environmental Science
and Forestry (SUNY ESF).

Susan Anagnost’s comments on the award are as
follows:

I am honored to receive the 2023 SWST Distin-
guished Service Award recognizing distinguished
service to the profession of wood science and tech-
nology. My career in wood science began and
continues at SUNY Environmental Science and
Forestry in Syracuse, NY. With an undergraduate
degree from Gettysburg College, I entered gradu-
ate school at ESF to study wood anatomy and
expanded into wood decay and mycology with a
heavy emphasis on using microscopy techniques to
identify and evaluate wood anatomical features
and wood decay conditions. After receiving both
master’s and doctoral degrees I spent several years
as a PostDoctoral Associate in the Department of

http://www.swst.org/wp/awards/award-distinguished-service-profession-wood-science-technology/
http://www.swst.org/wp/awards/award-distinguished-service-profession-wood-science-technology/
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Environmental Biology studying wood decay and
mycology. After this I was a Research Associate
for about 8 yr, and was appointed Assistant Profes-
sor in 2001, then Associate Professor in 2003, and
Full Professor in 2013. I served as Department
Chair of the Construction Management and Wood
Products Engineering Department from 2006-
2015, and as Director of the NC Brown Center for
Ultrastructure Studies since 2012. I’m currently
Professor Emeritus and was rehired part-time as
Director of the Tropical Timber Information Cen-
ter with the immediate tasks of digitizing the HP
Brown Memorial Wood Collection, and identifying
wood samples for engineers, architects, and wood
products industries. As part of the Wood Products
Engineering program at SUNY-ESF.

I taught courses in Decay of Wood Products,
Microtechnique, Wood Anatomy and Identifica-
tion, as well as Light Microscopy, Scanning Elec-
tron Microscopy and Transmission Electron
Microscopy. Early in my career, my research
involved decay detection and evaluation in utility
poles and other wood products, developing meth-
ods for inspection of utility poles for decay,
describing the anatomical features of soft rot,
brown rot, and white rot, and identifying the fungi
that caused decay. The study of soft rot cavities
led to developing a method to measure microfibril
angle using soft rot cavities. Later, the decay
detection methods of collecting and identifying
fungi were applied to an EPA project characteriz-
ing indoor air quality in homes in Syracuse.
Because of this project, I was appointed to the
New York State Governor’s Task Force on Mold
from November 2007 to April 2012. For many
years I have used microscopy methods to perform
quality assessment of wood products, paper-based
products, coatings, and other materials for manu-
facturers and engineers. I have identified wood
and fibers for industry, engineers, and architects.
In 2001 I was honored to receive the George
Marra Award for Excellence in Research and
Writing. As for service to the profession, my
involvement with SWST began with the Member-
ship Committee, first as a member, then as Vice
Chair, and Chair. I was elected to the SWST
Executive Board 2006-2008, then elected Vice
President for the 4-yr term 2008-2011 and served
as President from 2010-2011. In 2017 I was
awarded the rank of SWST Fellow. Most recently,
I was on the Editorial Board for Wood and

Fiber Science from 2017-2022. Looking back,
I appreciate how SWST provides members with
the means to advance in the profession, and I
encourage those in the early stage of their career
to publish in Wood and Fiber Science, to get
involved as a committee member, and participate
in the annual meetings. My involvement in SWST
was a highlight of my career. Having the opportu-
nity to be on the executive board during the
period of expansion of our membership worldwide
was exciting and I believe has enhanced the role
of SWST in promoting the profession. Many
thanks to Vicki Herian, all Past Presidents, board
members, and W&FS Editor.

Fellow Award

The Fellow Award recognizes significant contri-
butions to the wood science and technology pro-
fession and service to the Society by SWST
members. Guidelines and past recipients can be
found at http://www.swst.org/wp/awards/swst-
fellow-award/.

The Fellow Award was presented to Professor
Sudipta Dasmohapatra from Georgetown Uni-
versity, USA in recognition of her service on
numerous SWST committees as well as her roles
on the Executive Committee and finally as Presi-
dent. We appreciate her service to the Society.

Distinguished Educator Award

The SWST Distinguished Educator Award is
intended to recognize individual faculty and
instructors at a university for sustained excellence
in teaching or Extension/Outreach programming.
Teaching Recognition: The distinguished educator
award recognizes sustained excellence in teaching
that incites intellectual curiosity in students,
inspires colleagues, and makes students aware of
significant relationships between academia and
the world. This award was not given out in 2023.

Reviewer of the Year Award

In 2019, the SWST Executive Board instituted a
Reviewer of the Year Award for Wood and Fiber
Science. An honorarium of $300 was awarded to
the Reviewer of the Year. This year’s award goes

http://www.swst.org/wp/awards/swst-fellow-award/
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to Xiping Wang from the USDA Forest Products
Laboratory, USA.

The following criteria were used to judge the
Reviewer of the Year Award, which was
announced at the annual SWST Meeting:

1. The number of papers reviewed in the previ-
ous year.

2. The quality of the review as judged by the
editors.

3. Nomination by an author.

All reviewers are ranked according to these crite-
ria and the highest number of points is deemed
the Reviewer of the Year.

Past Editor of Wood and Fiber Science was rec-
ognized with an Award—Susan LeVan-Green
retired from dedicated service as being editor of
Wood and Fiber Science from 2017 to 2022.



EDITORIAL

I am honored to write this final letter as I retire
from being your Executive Director of the Society
of Wood Science and Technology. It has been a
wonderful ride these past 46 years.

Two years ago, I was chosen to be one of the
“SWST Woman Ambassadors Creating the
Future of Wood Science.” However, I don’t have
the same background as the rest of the Women
Ambassadors. I don’t have a BS, MS, or PhD.
When I graduated high school, even though I was
3rd in my class, I was counseled that my best
career option would be as a secretary because I
had good organizational skills, math skills, and
secretarial ability. I didn’t have the confidence in
myself at that time to do something different. So
that’s what I did, first for an insurance company
in Madison, WI, then at a US Army medical phar-
macy in Fort Jackson, SC, next at a nuclear mis-
sile base as the colonel’s secretary in Neu Ulm
Germany, and finally back to Madison at the For-
est Products Laboratory (FPL) where I retired in
2011. I began as a secretary but was fortunate
enough to have a supervisor with good insight to
establish an upward mobility position as a statisti-
cal assistant. I was able to get training and educa-
tion in this field and earned a 2-yr associate
degree in science from our local technical college
and university to reach the research statistician
level.

In 1976, William Lehmann was the Society’s
Executive Secretary (this had always been a sci-
entist or engineer from FPL since the Society
began in 1958). He was also my supervisor at
FPL. He asked me to help him with his Society
position and said I would love it and be chal-
lenged by it. Thus, began my journey with
SWST. I was the Assistant to William Lehman,
followed by William Simpson, and finally J. T.
Quirk. In 1984, Dr. Quirk said I was doing all the
work anyway so I should just become the Execu-
tive Secretary. It was a challenge to get the
SWST Board of Directors to agree to this
because, since 1958 when the organization was
formed, the Executive Secretary had ALWAYS

been a MALE research scientist at FPL. How-
ever, it did happen and I have been the Executive
Director since.

I remember the first meeting I attended. It was
held in the Brown Palace Hotel in Denver, CO, in
June 1977. I was in awe, as I saw the opulence
of the hotel, the crystal chandeliers, the beautiful
furnishings. It was the most extravagant hotel I
had been in, and I was there to WORK and meet
this amazing group of professional wood science
people who were world-renowned and experts in
their fields. I was overwhelmed as a very young
25-yr-old, unexperienced, timid, and naïve woman.

But time goes by quickly and now I stand before
you, not as that 25-yr-old, but as a much older,
more experienced, confident, and determined
woman. And you, professional world-renowned
scientists, are still here and I am enlightened and
educated at each meeting and with each interac-
tion I have with any of you.

I was especially appreciative to be present at the
2023 International Convention in June in Ashe-
ville, NC, with 19 past presidents who came to
share this last event with me, to offer their sup-
port and friendship, and to let me know they
appreciated my time with them. I also had corre-
spondence and phone calls with several other
past presidents who couldn’t make it to the
meeting but wanted to be sure they could pass
on their good wishes.

Each past president didn’t just give 1 yr of their
time to the Society, but 4 years on the Board, in
addition to numerous committee assignments. I
was able to spend this time with them, helping
them travel through the many rules and proce-
dures that make up a professional Society. It
was a challenge at times, but always rewarding
and fulfilling.

Working for SWST enabled me to grow as a
person and gave me the gift of self-confidence.
During the time I’ve been Executive Director, I
have run the day-to-day operations of the Society,
answering emails, taking phone calls, taking care
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of financials, writing reports, developing and main-
taining the organization’s website, working with
many board members and committee members,
and organizing board meetings, as well as meetings
of the Society as a whole.

With my background at FPL as a Statistician, I
was involved in many different fields of research,
so I knew a little about each of them and this
helped with my handling of inquiries about a myr-
iad of wood-related issues. The best, and some-
times most challenging part, has been organizing
international meetings. I’ve learned a great deal
about organizing conferences and everything asso-
ciated with conference planning particularly hold-
ing meetings in several countries around the world.
I have enjoyed thoroughly the considerable
travel associated with these meetings as well as the
opportunity to meet and work with so many differ-
ent people over the years and in many countries.

I believe that people in the wood field are won-
derful. They care about other people and truly
about our earth and want to make a difference in
the world. I have been so lucky to have met and
worked with a multitude of talented and dedicated
people over the years on the Executive Boards
and Committees.

What you choose to do is important and can change
the world. I would like to challenge you to continue

to support your professional society, SWST, and
become involved. You can do this by writing
papers and publishing in our two journals, BioPro-
ducts Business and Wood and Fiber Science. They
are known around the world as high-level research
journals. You can also attend conventions that are
held once a year where you can present your
research and learn from others about research that
is going on either in your field or in something
totally different that you might find interesting. It’s
a time to network and meet these great people. You
can also volunteer on committees, run for office for
SWST, and help shape the future. Just remember—
YOU CANMAKE A DIFFERENCE.

It was difficult for me to say goodbye and turn
over the Executive Director’s position, but I look
forward to new challenges and opportunities in
other paths. I ask that you offer your new Execu-
tive Director, Angela Haney, the same respect and
assistance that you have given me over the years.

I will never say “Goodbye,” but instead “Au
Revoir” (until we meet again). I send out my love
and best wishes to all of you! Thank you for all
you have done for me.

Sincerely,

VICTORIA HERIAN

vicki@swst.org
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