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ABSTRACT

A small jointed-arm motion type robot system was introduced for wood mat formation to study the
relationship between wood mat structure and panel properties. Four types of structures of three-layer
oriented flakeboards with different face to core ratios and core orientations were formed using the
robot as a tool. The panels were then hot-pressed and tested for horizontal density distribution (HDD)
by X-ray machine, bending modulus of elasticity (MOE), internal bond (IB) and thickness swelling
(TS). The results showed that the programmed robot formed panels with well-defined and reproducible
structures. Linked with the existing panel simulation program, X-ray data, and real properties, the
panel structure with face to core ratio of 15:70:15 and random core has been considered the most
suitable panel pattern for additional research based on its superior performance and lower variation

of properties.
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INTRODUCTION

For short-fiber wood composites, it is well
accepted that the organization of short-fiber
wood elements has strong influence on the
properties of the composite mat. Such packing
behavior of the wood elements controls the de-
gree of wood element contact and horizontal
density distribution (HDD) of the composite
mat. The HDD and the vertical density distri-
bution of flakeboards are two important fac-
tors when studying the relationships between
processing parameters and panel properties.
Recently, significant progress has been made
to apply geometric probability theory to de-
termine the randomly formed flakeboard struc-
ture and corresponding mathematical models
to study HDD (Suchsland and Xu 1991; Dai
and Steiner 1994, Lang and Wolcott 1996).
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robot, structure, property, density distribution, simulation, X-ray.

Horizontal density distribution was also quan-
tified, based on a density variation phenome-
non and statistical considerations (Xu and
Steiner 1995). However, the influence of wood
element size, geometry, and deposition factors
(such as flake orientation) on the spatial ar-
rangement of wood elements in flakeboards
and the influence of flakeboard structure on
performance properties are still not fully un-
derstood (Kelly 1977). More research is need-
ed to incorporate these variables into the ex-
isting models.

A user-friendly simulation program MAT
was written based on the mathematical model
and simulation program developed by Dai and
Steiner (Lu 1995). After inputting sufficient
variables, this program calculates density vari-
ation along the horizontal plane of a simulated
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mat based on different sampling zone size.
The position and orientation of each “‘flake”
in the simulated mat are available, yielding a
record of the structure of the simulated mat.
In order to verify and apply the model, a robot
mat formation system was used to manufac-
ture small composite mats (250 mm X 250
mm) with various types of predefined structure
determined by the MAT simulation program.
The philosophy to use a robot mat formation
system is that it can act as a tool to link the
simulated mat with the real experimental mat.
The programmed robot carries out the prede-
fined task—pickup and deposition of
thousands of flakes with controlled location
and orientation to form flakeboards with high
repeatability and accuracy. The method reduc-
es the number of replicates needed for exper-
iments, besides reducing labor costs and sav-
ing time.

This study was the first to combine a robot
system with experimental design to investigate
the organization of wood elements in compos-
ite mats. The objectives of this paper were:

(1) To verify the performance of the robot
system by evaluating the X-ray scanning
density data, computer simulation pro-
gram, and real density data obtained by
gravimetric method of the formed mats;

To develop a database on the physical and
mechanical properties as well as HDD of
three-layer oriented flakeboards, and to se-
lect a suitable mat structure from the four
predefined structures for further research.
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MATERIALS AND METHODS
Materials

This study consisted of four kinds of three-
layer oriented flakeboards formed with differ-
ent core structure and face to core ratio. Aspen
flakes (Populus tremuloides, density 0.405 g/
cm? based on the oven-dry wood weight) were
used with average flake size of 75.04 mm X
19.07 mm X 0.61 mm (length X width X
thickness).

Laboratory flakes were cut with a disc flak-
er. The flakes with good shapes and flat sur-
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faces were selected and air-dried for a week
before being gently dried in a laboratory oven
at temperatures of 60°C for 2 h to maintain the
flatness of particles. The dried flakes were
stored in plastic bags. The equilibrium mois-
ture content of final dried flakes was approx-
imately 6 to 7% before being measured and
placed into a mat.

Phenol-formaldehyde powder resin CAS-
COPHEN W91B, 6% (based on the oven-dry
wood weight) was used in the experiment. The
relatively high 6% resin level was selected to
ensure full resin coverage on the flakes and
compensate for resin lost during the flake
blending and mat forming stage using robot
technology. Pilot research verified the reli-
ability of using this resin level. Finally, no
wax was added.

Blended flakes were deposited into mats by
the robot system and then hot-pressed at
180°C to 10-mm stop using 0.8 min closing
time, 5 min at stops and 0.5 min decompres-
sion by a computer-controlled 300- X 300-mm
hot-press (Wabash 27,000 kg load). Prelimi-
nary experiments were established to select
the above pressing parameters to ensure prop-
er bonding within each kind of mat. Target
board density was designed as 0.6 g/cm?
(based on the calculation from the simulation
program with the mat size 250 bmm X 250
mm). The actual averaged board density was
0.587 g/cm?, based on weight and volume at
approximately 9% moisture content. Target
mat size was designed as 250 mm X 250 mm
X 10 mm (length X width X thickness). The
actual averaged mat size was 250 mm X 250
mm X 10.6 mm. General mat structure was
three-layer, with face and bottom orientation
0° (target coordinate and actual) and random
or cross-aligned core.

Experiment design

A two by two factorial experiment with
completely randomized design was employed
in this study. The two factors were core ori-
entation (random, R; cross aligned, X) and
face to core ratio (30%:70%:50%:50%). These
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four combinations of panel structure were re-
ferred to in the test as R30, R50, X30, and
X50. Three replicates were applied to each
type of structure. In each structure type, the
orientation and position of the flakes in the
three replicates were identical.

Testing method

X-ray scanning method.—After 12 boards
were formed and hot-pressed, they were con-
ditioned at 20°C, 65% relative humidity (RH)
for two weeks. Afterwards they were cut into
the size of 250 mm X 250 mm, and the HDD
of each panel was examined by using X-ray
densitometry to obtain density data with res-
olution of 2 mm (in X-direction) and 1.5 mm
(in Y-direction).

The point normalized density (point rela-
tive density divided by global panel relative
density) profile of each mat generated from
simulated data and X-ray scanning data was
obtained. Here relative density refers to the
raw X-ray data that were processed by using
curve-fitting algorithms. A linear relationship
exists between relative density and real panel
density. Global panel density refers to the av-
erage density of the whole scanning area, size
of 160 mm X 240 mm. A more detailed study
was performed by using a sampling zone size
of 40 mm X 40 mm to quantify the density
variation of robot-formed experimental mats
and simulated mat. The scanning area on a
mat was divided into 24 small zones. The
scanning area and each 40 mm X 40 mm
sampling zone position on a panel are shown
in Fig. 1. Within a sampling zone, small 2.0-
mm X 1.5-mm zones were considered as
sample points. The average and the standard
deviation of the normalized density of each
sampling zone (A,, SD,) and the global panel
(A, SD) were calculated. Then the normalized
average density (A/A) and normalized stan-
dard deviation of density (SD/A) of each
sampling zone were calculated based on the
X-ray density data. The corresponding sam-
pling area in a simulated mat was also deter-
mined with the resolution of 2 mm X 2 mm.
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The normalized average density and standard
deviation of sampling zone (size 40 mm X
40 mm) of the simulation density data were
also calculated.

Panel properties tests.—The density of the
250-mm X 250-mm panels, based on panel
weight and volume at approximately 9% mois-
ture content, was estimated before the panels
were cut into 230-mm X 230-mm size to re-
duce the edge effect on the performance of the
panels. The panels were then cut into speci-
mens for the static bending modulus of elas-
ticity (MOE) tests (specimen size: 230 X 40
mm), the internal bond (IB) tests (size: 50 X
50 mm), and the thickness swelling (TS) tests
(50 X 50 mm and 40 X 40 mm). The density
of each specimen was also estimated before
testing. The X-Y coordinate system (defined
by the robot mat formation coordinate system)
of a panel and the arrangement of the cutting
specimens are shown in Fig. 2.

Two kinds of nondestructive bending MOE
tests were applied to the bending specimens
along the surface flake aligned direction. A
Metriguard stress wave timer (Model 239A)
was used to measure the stress wave MSW
(modulus of elasticity based on stress-wave
data) of each specimen. When using this im-
pact-induced stress wave method, the distance
and time of the wave transmission were re-
corded. The formula to relate MSW and den-
sity of the specimen (p) and the velocity of
wave (V) is:

MSW = v (H

Then the specimen was tested on an MTS
Sintek test machine according to ASTM D
1037-93 standard using load-controlled 3-point
testing mode. A span of 200 mm was used due
to the limitation of panel size (230 mm X 40
mm X 11 mm). The results obtained from these
two methods were recorded and compared. The:
nondamaged specimen was further cut into four
specimens with the size of 40 mm X 40 mm
for the thickness swelling tests.

Then IB and TS tests were performed fol-
lowing the CSA Standard Can/CSA-0437.0-
93, Standards on OSB and Waferboard (CSA
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FiG. 4.1. Normalized average sample density of X30 (simulated mat) and X30-1, X30-2 and X30-3 (robot-formed

mats). FIG. 4.2. Normalized standard deviation of sample density of X30 (simulated mat) and X30-1, X30-2 and
X30-3 (robot-formed mats).

1994). The ultimate strength and the failure po- RESULTS AND DISCUSSION

sition were recprded for eagh IB sample. M.ea— Verification of the compatibility of the
surement of thickness swelling was tested using mulation proeram and robot mat

a water-soaking method after 24 h at 20°C. The sumu prog Lol

specimen size used was 50 mm X 50 mm or Jormation technology

40 mm X 40 mm instead of standard 150 mm In order to verify the compatibility of the

X 150 mm due to the panel size limitation. simulation program and robot mat formation



344

TABLE 1.
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Summary of properties of robot-formed oriented strandboard.

R30

X30 R30 X50

Bending MOE? (MPa) 7,139.8  (8.1)¢ 4,677.1  (13.5) 9,696.7 (15.2) 6,711.2  (30.6)
IBP (MPa) 0.553 (11.7) 0.626 (18.2) 0.553 (16.1) 0.711 (23.7)
TS (%) 202 (13.2) 269 (12.3) 310 (8.9) 29.7  (15.6)
2 MOE: average of 9 specimens using stress-wave method.
PIB, TS: average of 12 specimens (size: 50 X 50 mm).
¢ Data in parentheses represent coefficient of variation (%).
TABLE 2. Summary of analysis of variance for bending MOE, internal bond, and thickness swelling.
Source df SS MS F
Bending MOE A 1 0.223E+08 0.223E+08 33.0*
(MPa) B 1 0.158E+08 0.158E+08 23.4*
A X B 1 2.05E+05 2.05E+05 0.303
Error 8 5.40E+06 5.40E+06
Total 11 0.435E+08
IB (MPa) A 1 0.040 0.040 4.24
B 1 0.005 0.005 0.521
A X B | 0.005 0.005 0.532
Error 8 0.075 0.009
Total 11 0.125
TS (%) A 1 1.040 1.040 0.177
B 1 22.05 22.05 3.762
AXB 1 6.679 6.679 1.139
Error 8 46.89 5.862
Total 11 76.66

A core structure (random, perpendicular); B: face to core ratio (30%:70%,
* Significant with « = 0.05.

technology, normalized density profiles gen-
erated from the data obtained from the simu-
lation program MAT and X-ray scanning ma-
chine were compared. Figure 3 shows that the
normalized relative density profile of the X50
pattern in surface map where X50 represents
simulation panels; and X50-1, X50-2, and
X50-3 represent three replicates of the same
panel structure scanned by X-ray machine.
Figures 4.1 and 4.2 present separately the nor-
malized average and standard deviation of
sample density of simulated panel X30 and ex-
perimental panels X30-1, X30-2, and X30-3
in 24 different positions in a panel. From the
figures, the simulated panel and the robot-
formed panels are visually judged to be simi-
lar, which provides an indication that the use
of the simulation program and robot mat for-
mation technology to analyze the horizontal
density distribution in panels is valid. Also
Figs. 4.1 and 4.2 show that the three repli-

50%:50%).

cates, X30-1, X30-2, and X30-3, have similar
density distribution, which demonstrates good
repeatability of the robot mat formation sys-
tem. Such repeatability is also evident in the
other three panel structures.

Criteria for selecting a suitable pattern from
the four structures

The final testing results of strength and
physical properties of robot-formed panels are
summarized in Table 1. A summary of anal-
ysis of variance (ANOVA) for bending MOE,
internal bond, and thickness swelling with
variables of core structure and face to core ra-
tio is tabulated in Table 2.

Bending MOE.—The results of two kinds of
nondestructive bending MOE tests were cal-
culated and compared in Fig. 5. A good cor-
relation is found with the coefficient of deter-
mination R* = 0.72. It can be summarized
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from ANOVA that both core orientation and
face to core ratio have great influence on the
bending MOE. Combined with the results in
Table 1, it can be concluded that the flake
alignment in face and core of a board is the
strongest factor to influence the MOE prop-
erty. For a given total number of flakes to form
a panel, bending MOE can be improved when
more flakes are aligned along the specimens’
long axis. This explained why R50 has higher
MOE value than X30. The order of MOE by
ascending sequence is: X30 — X50 - R30 —
R50.

Internal bond.—It is indicated from ANO-
VA results in Table 2 that IB is neither sig-
nificantly affected by the core orientation nor
by the face to core ratio. This means that IB
is not affected by alignment of the flakes,
which agrees with the results reported by Gei-
mer (1981) and McNatt et al. (1992). In our
experiment, it was found that 75% of the fail-
ure positions during IB tests occurred in the
middle of the panel thickness, which agrees
with the general conclusion that the internal
bond strength is weakest near the center of the
panel due to relatively poor heat and mass
transfer. It can be seen from Table 1 that all
four patterns have very good IB performance
(higher than the required value listed in the
standard CSA0437.0 grade O-2 Span Rated
which is 0.345MPa). The order of increasing
IB is: R30,R50 — X30 — X50.

Thickness swelling.—Thickness swelling is
not significantly affected by either core struc-
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ture or face to core ratio (See Table 2). In or-
der to get additional data, each specimen used
for the bending tests was further cut into four
specimens (size: 40 X 40 mm?) for the thick-
ness swelling tests (Specimen No. T1-T12).
Results using the 40-mm X 40-mm specimens
were similar to those obtained using the 50-
mm X 50-mm specimens (Specimen No.
Tsal-Tsad). In this experiment, the order of
increasing thickness swelling is: X30 — R30
— X50 — R50.

Combining the information obtained from
the above analysis, X50 has the largest varia-
tion of properties. Rough surfaces along one
of the edges parallel to the X-axis can be vi-
sually detected in specimen panels X50-1,
X50-2 and X50-3, which led to relatively large
within-panel density variation as shown in the
density profiles from the X-ray data and sim-
ulation program (Fig. 3). The resulting HDD
density variation further led to high variation
of panel properties. Such rough surfaces were
not detected in other panel structures. It is also
noted that X30 pattern has the lowest bending
strength, which is lower than the value of
5,500 MPa required in CSA Standard Can/
CSA-0437.0-Grade O-2 Span Rated (CSA
1993). Furthermore, increase of the face/core
ratio results in reduced MOE when specimens
are tested perpendicular to the face flake align-
ment (Y-direction) (Avramidis and Smith
1989) and R50 doesn’t have superior perfor-
mances besides bending MOE in X direction.
Therefore, the R30 pattern (random core, ori-
ented face, 30%: 70% face to core ratio) is
considered most suitable for future study in
the research program.

Verification of the repeatability of the panel
performance

The repeatability of the panel performance
of the three replicates for each structure has
been verified by plotting the property of each
specimen in the same panel position. Figure
6.1 illustrates the results of thickness swelling
tested in 12 positions in each panel of X50-1,
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Fic. 6.1.  Thickness swelling of three replicates of X50 pattern in 12 positions. FiG. 6.2. Density of the specimens

for thickness swelling test of X50 pattern.

X50-2 and X-50-3. Figure 6.2 displays the
corresponding real density in 12 positions of
the above three replicates of pattern X50. As
can be seen from the two figures, the repeat-
ability of both panel property and density is
reasonably good. This gives confidence to use
robot as a tool in the future simulation study.

CONCLUSIONS

Based on the results of this research, the
following conclusions can be drawn:

1. Robot system can be a very effective tool
to link a simulation program with an ex-
perimental mat. The repeatability of the
structure and performance of all replicates
for each pattern are good, which shows
promise to employ this new tool in the fu-
ture study.

2. The validity of simulation program MAT

for panel HDD analysis is demonstrated.

3. Face to core ratio and core structure have

strong influence on bending MOE along
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the face alignment, but their roles in deter-
mining the IB and TS are limited. No sig-
nificant interaction effect of the two vari-
ables is found with any properties studied.

4. Considering all the information obtained in
this research, the R30 structure (30% ori-
ented face and bottom; 70% random core)
is considered as the most suitable pattern
among the four for future research.
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