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Effects of Using Bark Particles with Various Dimensions
as a Filler for Urea-formaldehyde Resin in Plywood
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The possibility of replacing the rye flour commonly used as a filler for urea-
formaldehyde resins was investigated for plywood production with birch
bark characterized by various particle dimensions. The effects on the
curing and rheological properties of the adhesives were investigated.
Moreover, the plywood was tested to evaluate the formaldehyde
emissions, bonding quality, modulus of elasticity, and bending strength.
The results showed that the size of the bark particles had a significant
effect on the viscosity of the adhesives but did not affect other properties
of the resin. Replacing the flour with the bark significantly decreased the
formaldehyde release, but there was no clear correlation with the
dimensional fraction of the bark powder. The particle size had notable
effects on bonding quality and mechanical properties. The best results
were obtained for a sieve with square holes whose inside lengths were
0.315; however, all plywood samples achieved shear strength values
exceeding the requirements of EN 314-2 (1993).

Keywords: Bark; Filler; Urea-formaldehyde; Plywood

Contact information: Department of Wood-based Materials, Faculty of Wood Technology, Poznan
University of Life Sciences, 28 Wojska Polskiego Str., 60-637 Poznan, Poland,
* Corresponding author: jakub.kawalerczyk@up.poznan.pl

INTRODUCTION

Worldwide, the woodworking industry generates much waste, including shreds,
sawdust, and bark (Cichy 2012). Still, the most common use of bark is as a fuel, incinerated
in boilers (Pedieu et al. 2008). Due to its low heat production in comparison with solid
wood and its high ash content, bark is not the most suitable material for energy production.
Nevertheless, the chemical composition and abundance of unused bark create opportunities
in many industries. Gupta (2009) reported that North American forest industries produce
at least 50 million tons of bark annually. In addition to its availability, its advantages
include a high amount of phenolic components and its fibrous nature (Aydin et al. 2017).
It has not yet found wider industrial use possibly due to its complexity and the variability
of its chemical components.

There is active research on substituting wood in particleboard’s production
(Dukarska et al. 2015; Mirski et al. 2018), and bark has great potential in the wood-based
materials industry. Blanchet et al. (2008) showed that it is possible to manufacture
particleboard with the incorporation of black spruce bark with a short curing time in a
pressing schedule. Furthermore, Sahin and Arslan (2011) demonstrated that red pine bark
is also a suitable material for particleboard production. They also pointed out that
continuing research on using forest residues in wood-based materials production could lead
to practices that mitigate raw wood shortages. According to the results obtained by Medved
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et al. (2019), substitution of wood particles with bark can decrease the formaldehyde
release, which is a very desirable effect. In addition to its application in particleboard
manufacturing, bark can also be used in the production of adhesives. For years, the bark
has been intended to extraction process to obtain tannins, which are commonly used
compounds in wood adhesives. However, Nakamoto et al. (2011) developed a method of
producing bark powder with high tannin content excluding the expensive extraction
process. Since then, technology assuming the use of bark particles in the wood adhesives
industry is still developing (Matsumae et al. 2019).

An interesting concept for bark application is to introduce it as a filler to amino
resins. Urea-formaldehyde (UF) adhesives have many advantages, and they remain one of
the most popular binding agents (e.g., in plywood production) (Dziurka and Mirski 2010;
Dziurka and Mirski 2014; Kawalerczyk et al. 2019a). Fillers are usually lignocellulosic or
inorganic particles that are non-volatile, non-gluing, and insoluble in the adhesives. They
are mixed with resins to adjust their viscosity, improve the strength properties of glue
joints, and reduce the absorption of the adhesive mixture into the porous surface of the
veneer. Ruziak et al. (2017) investigated the effect of beech bark addition to UF resin on
the properties of plywood. Their results showed that the replacement of flour with bark led
to a significant decrease of formaldehyde emissions, increased mechanical properties, and
decreased water absorption. Moreover, Aydin et al. (2017) investigated the possibility of
using bark obtained from walnut, chestnut, fir, and spruce instead of wheat flour in
plywood production. It was found that the replacement yielded satisfying results, especially
with the chestnut and fir barks, which worked efficiently as formaldehyde scavengers. Réh
et al. (2019) revealed that introducing beech bark to the adhesive mixture slightly
decreased heat transfer during the pressing cycle. Furthermore, using bark particles as filler
for UF resin did not affect the modulus of elasticity and bonding quality. In all the
aforementioned studies, the authors investigated the effects of the wood species from which
the bark was obtained and the amount of added filler. However, in each work, the bark
particles introduced into the resin had different dimensions, which might affect the
properties of the manufactured material. Thus, the aim of this study was to find the
dimensional fraction of added particles to achieve the optimal reinforcement effect.

EXPERIMENTAL

An industrial UF resin (Pfleiderer Silekol, Kedzierzyn-Kozle, Poland) was used,
and the applied adhesive had the following properties: a solid resin content of 69%, a
viscosity of 610 mPa:s, a gel time at 100 °C of 69 s, a pH of 8.09, and a density of 1.282
g/cmd. Reference samples were glued with an adhesive mixture filled with rye flour in
accordance with industrial formulations, with 20 g of flour per 100 g of dry matter of resin.
The birch bark used in this study was purchased from a local sawmill processing birch
timber. The obtained bark was washed in water to eliminate mineral particles and then
dried in a laboratory oven to a moisture content of 6% = 2%. After drying, the bark was
disintegrated into particles using a grinder. The obtained bark powder was subjected to a
sieve analysis using a mechanical sieve shaker to investigate the average size of the
particles (Fig. 1).
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Fig. 1. Fractional composition of ground birch bark

The most abundant fractions were bark particles retained on the screens with mesh
sizes of 0.315, 0.4, 0.25, and 0.2 mmx mm; they were used in the further stages of the
experiment to manufacture plywood labeled with the corresponding dimensions. After the
sieve analysis, bark powders with previously known particle dimensions were added to the
adhesive mixture at 20 wt% per 100 g of dry matter of resin. The amount of introduced
filler was adjusted based on the authors’ previous research (Mirski et al. 2019). Resin filled
with bark was mixed with NH4NO3 (20 wt%), used as a hardener at a ratio of 2 g per 100
g of adhesive dry matter, using a magnetic stirrer (600 rpm, 5 min) to obtain a homogeneous
mixture.

To investigate the effects of the addition of the birch bark characterized by various
dimensions on the properties of the UF resin mixture, the following parameters were
measured: viscosity and its changes at 20 °C for 6 h (Brookfield DV-I1+Pro viscometer,
Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA), gel time at 100 °C
(according to Polish standard PN-C-89352-3 1996), pH (according to EN 1245 2011), and
solid content (according to EN 827 2005).

The experimental plywood was produced from three layers of rotary-cut veneer
sheets of birch with dimensions of 320 mm x 320 mm and an average thickness of 1.5 mm.
After conditioning to a moisture content of 7%, the adhesive mixture was applied in the
amount of 170 g/m?on the surfaces of the prepared veneers. The veneers were hot pressed
using a unit pressure of 1.4 MPa for 4 min at 120 °C in a laboratory press. Next, the
manufactured plywood was tested to evaluate the following properties: formaldehyde
emission, using the flask method according to EN 717-3 (1996); bonding quality, according
to EN 314-1 (2004) in the shear test performed on both dry samples and samples previously
soaked in water for 24 h as required by EN 314-2 (1993); and bending strength (MOR) and
modulus of elasticity (MOE), according to EN 310 (1993), parallel and perpendicular to
the grains of the face layers.

To fully evaluate the effects of using birch bark as a filler for UF resin and,
moreover, to identify the dimensional fraction for optimal properties, the results were
statistically analyzed using the Tukey test with a significance level of a = 0.05.
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RESULTS AND DISCUSSION

Figure 2 presents the changes of viscosity during 6 h of testing. In both the reference
and bark-filled adhesive mixtures, regardless of particle size, the changes could be
considered linear, so the resins were acting as Newtonian fluids. In addition to the filler’s
hydrophilic properties, the increase in viscosity over time was also caused by the
progressing polycondensation of the UF resin (Réh et al. 2019). Resin filled with bark
powders from the dimensional fractions 0.4 and 0.315 achieved viscosity values less than
those of the reference mixture. The viscosity of the mixture containing fraction 0.315 was
acceptable, and it was possible to evenly spread it on the surface of the veneer. However,
adhesives filled with bark characterized by greater dimensions did not achieve the required
viscosity and would be difficult to use in practice without adjusting the amount of
introduced filler. When the viscosity of an adhesive is too low, it can sink into the veneer
during application and pressing; consequently, the layer remaining on the surface is
insufficient to ensure good glue joint properties (Kawalerczyk et al. 2019b). Urea-
formaldehyde resins with added bark particles with sizes of 0.2 and 0.25 achieved greater
viscosities than the control mixture, and it was difficult to evenly apply the adhesives on
the veneer surfaces. The increase in viscosity was probably due to the high density of bark
powder containing particles with small sizes and the formation of agglomerates.
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Fig. 2. Viscosities of adhesive mixtures and changes over 6 h

Properties of the adhesive mixtures filled with both rye flour and bark powder are
summarized in Table 1. Based on this data, the replacement of flour with bark did not affect
the solid content of the resin. However, the introduction of bark instead of flour slightly
decreased the pH and decreased the gel time. The decreased pH may contribute to
accelerating the gel time because the condensation of UF resin occurs under acidic
conditions (Kawalerczyk et al. 2019c). This effect may be beneficial if it decreases the
pressing time, which should be minimized to maximize production efficiency (Mahrdt et
al. 2016). However, it appeared that the size of the particles introduced into the resin did
not affect the aforementioned properties.
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Table 1. Properties of Adhesive Mixtures

Variant Label pH Solid Content (%) Gel Time (s)
REF 7.9 67.58 82
0.2 6.1 66.91 74
0.25 6.7 67.11 77
0.315 6.3 67.05 76
0.4 6.1 68.23 73

To investigate the effects of substituting rye flour with bark powder on the
formaldehyde emissions in the manufactured plywood, proper tests using the flask method
were performed. Due to potential carcinogenicity, formaldehyde is categorized more
restrictively than most other pollutants (Salem et al. 2013; Demir et al. 2018). As shown
in Fig. 3, the addition of bark powder decreased the formaldehyde release, which indicates
bark as a bio-based scavenger, as expected from previous studies (Hoong et al. 2010; Gangi
etal. 2013). The decrease in formaldehyde emissions was due to the high amount of tannins
in the bark. Condensed polyflavonoid tannins of the bark, because of their phenolic nature,
can easily undergo reactions with formaldehyde under both acidic and alkaline conditions
(Jahanshaei et al. 2012). Furthermore, formaldehyde reacts with tannins to produce
polymerization through methylene bridge linkages to reactive positions of the flavonoids
molecules (Pizzi 1979). However, there was no clear, linear tendency in the effect of
particles size on the formaldehyde emissions. The greatest decrease (approximately 17%)
was observed in the glue joint made of adhesive mixed with bark of the 0.25 dimensional
fraction. With further decrease of the particle sizes, there was a slight increase in the
amount of emitted formaldehyde. As reported by Ayrilmis et al. (2016), this can be caused
by aggregation of the particles.
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Fig. 3. The amount of formaldehyde emitted from the plywood

Figure 4 shows the results of the shear strength test, which is a fundamental
indicator of the resin behavior in plywood (Bekhta et al. 2016). Compared to the reference
plywood, the plywood glued with bark-filled adhesive mixtures showed a slight decrease
in bonding quality, contrary to the study of Réh et al. (2019) on beech bark.

Mirski et al. (2020). “Bark particles in UF resin,” BioResources 15(1), 1692-1701. 1696



PEER-REVIEWED ARTICLE

bioresources.com

1.9
1.8 - .
c % Tested dry
= 1.7 0| Tested after soaking
216 %
% 15 5 N % ]
o 1.4 il i
{:ﬂ o
o 1.3 1
(3]
212 .
7]
1.1 o
'10 1 1 1 i i
REF 0.4 0.315 0.25 0.2
Variant
Fig. 4. Shear strength of plywood
(a) 150 15000
145 | % MOR(L) 41 14500
140 | % [ MOE(R) | 14000
- 113500
= 135 ¢ 4113000 €
E 130t {12500 £
Z Z
E:’ 125 1 12000 EJ’
(@) 111500 O
120
= e {11000 =
| 1 10500
110 ¢ { 10000
105 . . . A 9500
REF 0.4 0.315 0.25
Variant
(b) 36 . 1700
34t % MOR(L) 1 1600
[] MOE(R
< 327 % OIMOER) | 1600 —
= =
€ 30+t 11400 £
3 % 3
x 28} : 11300
(@) o]
= 26| . {1200 =
B
24 @ i 1 1100
LN D 7 NV NV NBAI,,
REF 04 0.315 0.25 0.2
Variant
Fig. 5. MOR and MOE results: (a) parallel and (b) perpendicular to the grains of the face layer
Mirski et al. (2020). “Bark particles in UF resin,” BioResources 15(1), 1692-1701. 1697



PEER-REVIEWED ARTICLE b | oresources.com

However, after further analysis, it was concluded that for the 0.315 size fraction,
the changes were not statistically significant (the p-values were 0.4194 and 0.8914 for the
samples tested dry and after soaking, respectively). The greatest decreases were observed
with the 0.2 dimensional fraction (26.3% and 23.6% for the samples tested dry and after
soaking, respectively). The decreases in shear strength were probably due to the viscosity
being too great, which caused some difficulties when applying the adhesives on the veneer
surfaces. Moreover, excessively high viscosity can indicate a lack of water in the mixture,
and water reacts with hydroxymethyl and isocyanate groups in UF resin during
crosslinking and enhances joint strength. Regardless of the dimensional fraction of the bark
powder, all plywood samples achieved good shear strength values exceeding 1.0 N/mm?,
as required by EN 314-2 (1993).

As shown in Fig. 5, bark powder of dimensional fraction 0.315 could be used
instead of rye flour to manufacture plywood with equally good mechanical properties. In
this case, the results were slightly better in comparison to the control samples. However,
the values achieved for every other variant were significantly lower than those of the
reference samples. This result was probably due to the viscosities and homogenization
levels of the adhesive mixtures. Viscosity being too low or too great made it impossible to
evenly distribute the resin on the veneer surfaces and consequently decreased the
mechanical properties. The adhesive mixture filled with bark of the 0.315 dimensional
fraction had a similar viscosity to the reference mixture. In this case, good rheological
properties allowed for even application and resulted in joints with the greatest strength
values.

CONCLUSIONS

1. The bark particle size significantly affected the viscosity of the adhesives. The best
results were obtained for dimensional fraction 0.315, and they were very similar to the
reference samples prepared in accordance with industrial formulations.

2. Using different dimensional fractions of bark powder as fillers for UF resin did not
affect the pH level, solid content, and gel time.

3. Birch bark may be used as a formaldehyde scavenger for UF resins in plywood
production; however, the size of the particles had no effect on the amount of emitted
formaldehyde.

4. Bonding quality, MOR, and MOE depended on the dimensional fraction of the filler.
The best results, very similar to those of the control samples, were obtained for fraction
0.315. All plywood samples achieved shear strength values exceeding the requirements
of EN 314-2 (1993).

ACKNOWLEDGMENTS
This study was financed by the Polish National Centre for Research and

Development within the framework of grant BIOSTRATEG3/344303/14/NCBR/2018.
The publication was co-financed within the framework of the Ministry of Science and

Mirski et al. (2020). “Bark particles in UF resin,” BioResources 15(1), 1692-1701. 1698



PEER-REVIEWED ARTICLE b | oresources.com

Higher Education program “Regional Initiative Excellence” in years 2019 to 2022, Project
No. 005/RID/2018/19.

REFERENCES CITED

Aydin, 1., Demirkir, C., Colak, S., and Colakoglu, G. (2017). “Utilization of bark flours
as additive in plywood manufacturing,” European Journal of Wood and Wood
Products 75(1), 63-69. DOI: 10.1007/s00107-016-1096-0

Ayrilmis, N., Lee, Y.-K., Kwon, J. H., Han, T.-H., and Kim, H.-J. (2016). “Formaldehyde
emission and VOCs from LVLs produced with three grades of urea-formaldehyde
resin modified with nanocellulose,” Building and Environment 97, 82-87. DOI:
10.1016/j.buildenv.2015.12.009

Bekhta, P., Bryn, O., Sedliacik, J., and Novak, 1. (2016). “Effect of different fire
retardants on birch plywood properties,” Acta Facultatis Xylologiae Zvolen 58(1), 59-
66. DOI: 10.17423/afx.2016.58.1.07

Blanchet, P., Cloutier, A., and Riedl, B. (2008). “Bark particleboard: Pressing time,
particle geometry and melamine overlay,” The Forestry Chronicle 84(2), 244-250.
DOI: 10.5558/tfc84244-2

Cichy, W. (2012). “Combustion of plywood waste in a low-power boiler,” Drewno
55(187), 21-36

Demir, A., Aydin, ., and Ozturk, H. (2018). “Formaldehyde release from plywood
manufactured with two types of urea formaldehyde resins after fire retardant
treatment of veneers,” Drvna Industrija 69(2), 193-199. DOI:
10.5552/drind.2018.1734

Dukarska, D., Bartkowiak, M., and Stachowiak-Wencek, A. (2015). “White mustard
straw as an alternative raw material in the manufacture of particleboards resinated
with different amount of urea-formaldehyde resin,” Drewno 58(194), 49-63. DOI:
10.12841/wo0d.1644-3985.089.04

Dziurka, D., and Mirski, R. (2010). “UF-pMDI hybrid resin for waterproof particleboards
manufactured at a shortened pressing time,” Drvna Industrija 61(4), 245-249.

Dziurka, D., and Mirski, R. (2014). “Properties of liquid and polycondensed UF resin
modified with pMDI,” Drvna Industrija 65(2), 115-119. DOI:
10.5552/drind.2014.1321

EN 1245 (2011). “Adhesives — Determination of pH,” European Committee for
Standardization, Brussels, Belgium.

EN 310 (1993). “Wood-based panels — Determination of modulus of elasticity in bending
and of bending strength,” European Committee for Standardization, Brussels,
Belgium.

EN 314-1 (2004). “Plywood — Bond quality — Test methods,” European Committee for
Standardization, Brussels, Belgium.

EN 314-2 (1993). “Plywood — Bond quality — Requirements,” European Committee for
Standardization, Brussels, Belgium.

EN 717-3 (1996). “Wood-based panels — Determination of formaldehyde release — Part 3:
Formaldehyde release by the flask method,” European Committee for
Standardization, Brussels, Belgium.

EN 827 (2005). “Adhesives: Determination of conventional solids content and constant
mass solids content,” European Committee for Standardization, Brussels, Belgium.

Mirski et al. (2020). “Bark particles in UF resin,” BioResources 15(1), 1692-1701. 1699



PEER-REVIEWED ARTICLE b | oresources.com

Gangi, M., Tabarsa, T., Sepahvand, S., and Asghari, J. (2013). “Reduction of
formaldehyde emission from plywood,” Journal of Adhesion Science and Technology
27(13), 1407-1417. DOI: 10.1080/01694243.2012.739016

Gupta, G. K. (2009). Development of Bark-based Environmental-friendly Composite
Panels,” Master’s Thesis, University of Toronto, Toronto, ON, Canada.

Hoong, Y. B., Paridah, M. T., Loh, Y. F., Koh, M. P., Lugman, C. A., and Zaidon, A.
(2010). “Acacia mangium tannin as formaldehyde scavenger for low molecular
weight phenol-formaldehyde resin in bonding tropical plywood,” Journal of Adhesion
Science and Technology 24(8-10), 1653-1664. DOI: 10.1163/016942410X507740

Jahanshaei, S., Tabarsa, T., and Asghari, J. (2012). “Eco-friendly tannin-phenol
formaldehyde resin for producing wood composites,” Pigment & Resin Technology
41(5), 296-301. DOI: 10.1108/03699421211264857

Kawalerczyk, J., Dziurka, D., Mirski, R., and Trocinski, A. (2019a). “Flour fillers with
urea-formaldehyde resin in plywood,” BioResources 14(3), 6727-6735. DOI:
10.15376/biores.14.3.6727-6735

Kawalerczyk, J., Dziurka, D., Mirski, R., Trocinski, A., and Wieruszewski, M. (2019b).
“The effect of phenol-formaldehyde adhesive modification with fire retardant on the
properties of birch plywood,” Annals of Warsaw University of Life Sciences — SGGW
Forestry and Wood Technology 105, 107-113.

Kawalerczyk, J., Dziurka, D., Mirski, R., and Grzeskowiak, W. (2019c¢). “The effect of
veneer impregnation with a mixture of potassium carbonate and urea on the properties
of manufactured plywood,” Drewno 62(203), 107-116. DOI: 10.12841/wo0d.1644-
3985.281.12

Mahrdt, E., Pinkl, S., Schmidberger, C., van Herwijnen, H. W. G., Veigel, S., and GindI-
Altmutter, W. (2016). “Effect of addition of microfibrillated cellulose to urea-
formaldehyde on selected adhesive characteristics and distribution in particle board,”
Cellulose 23(1), 571-580. DOI: 10.1007/s10570-015-0818-5

Matsumae, T., Horito, M., Kurushima, N., and Yazaki, Y. (2019). “Development of bark-
based adhesives for plywood: Utilization of flavonoid compounds from bark and
wood. II,” Journal of Wood Science 65(9). DOI: 10.1186/s10086-019-1780-x

Medved, S., Gajsek, U., Tudor, E. M., Barbu, M. C., and Antonovi¢, A. (2019).
“Efficiency of bark for reduction of formaldehyde emission from particleboards,”
Wood Research 64(2), 307-316.

Mirski, R., Dziurka, D., and Banaszak, A. (2018). “Properties of particleboards produced
from various lignocellulosic particles,” BioResources 13(4), 7758-7765. DOI:
10.15376/biores.13.4.7758-7765

Mirski, R., Kawalerczyk, J., Dziurka, D., and Trocinski, A. (2019). “The possibility of
using birch bark as a filler for urea-formaldehyde adhesive in plywood production,”
Proceedings of the 15th Annual Meeting of the Northern European Network for Wood
Science and Engineering, Lund, Sweden, pp. 75-77.

Nakamoto, Y., Tsunoda, T., Ono, K., Yano, H., Yazaki, Y., Jiang, H., Lawson, F.,
Uhlherr, P. H. T. (2011). “A method for the production of powder with high tannin
content and its use,” JP Patent 4683258

Pedieu, R., Riedl, B., and Pichette, A. (2008). “Properties of white birch (Betula
papyrifera) outer bark particleboards with reinforcement of coarse wood particles in
the core layer,” Annals of Forest Science 65(7), 701-701. DOI:
10.1051/forest:2008053

Pizzi, A. (1979). “The chemistry and development of tannin/urea-formaldehyde

Mirski et al. (2020). “Bark particles in UF resin,” BioResources 15(1), 1692-1701. 1700



PEER-REVIEWED ARTICLE b | oresources.com

condensates for exterior wood adhesives,” Journal of Applied Polymer Science 23,
2777-2792.

PN-C-89352-3 (1996). “Kleje -- Kleje do drewna -- Metody badan -- Oznaczanie czasu
zelowania [Wood adhesives test methods — Determination of gelation time],” Polish
Committee for Standardization, Warsaw, Poland.

Réh, R., Igaz, R., Kristak, L., Ruziak, I., Gajtanska, M., Bozikova, M., and Kucerka, M.
(2019). “Functionality of beech bark in adhesive mixtures used in plywood and its
effect on the stability associated with material systems,” Materials 12(8). DOI:
10.3390/mal12081298

Ruziak, 1., Igaz, R., Krist'ak, L., Réh, R., Mitterpach, J., Ockajova, A., and Kucerka, M.
(2017). “Influence of urea-formaldehyde adhesive modification with beech bark on
chosen properties of plywood,” BioResources 12(2), 3250-3264. DOI:
10.15376/biores.12.2.3250-3264

Sahin, H. T., and Arslan, M. B. (2011). “Weathering performance of particleboards
manufactured from blends of forest residues with red pine (Pinus brutia) wood,”
Maderas. Ciencia y Tecnologia 13(3), 337-346. DOI: 10.4067/S0718-
221X2011000300009

Salem, M. Z. M., Zeidler, A., Bohm, M., and Srba, J. (2013). “Norway spruce (Picea
abies [L.] Karst.) as bioresource: Evaluation of solid wood, particleboard, and MDF
technological properties and formaldehyde emission,” BioResources 8(1), 1199-1221.
DOI: 10.15376/biores.8.1.1199-1221

Avrticle submitted: November 1, 2019; Peer review completed: January 15, 2020; Revised
version received and accepted: January 21, 2020; Published: January 22, 2020.
DOI: 10.15376/biores.15.1.1692-1701

Mirski et al. (2020). “Bark particles in UF resin,” BioResources 15(1), 1692-1701. 1701



