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FOREWORD 

During the 16th and the 17th of September 2021 the first edition of the Salzburg Conference 

for Smart Materials (SCSM21) was held in Kuchl, Salzburg, Austria. Its aim was to facilitate 

the interaction and transfere of recent developments in the field of smart and bio-based ma-

terials between industrie experts, researchers and scientiests from all over the world.  

The conference was hosted by the University of Applied Sciences Salzburg (FH Salzburg), 

department of Forest Products Technology and Timber Constructions (HTB) and supported 

by the Paris Lodron University Salzburg (PLUS), departments of Chemistry and Physics of 

Materials (CPM) and Human Copmuter Interaction (HCI).  

In a total of seven sessions the following topics evolving around smart and bio-based materi-

als were discussed: 

- Functional polymers and bio-based plastics 

- New (functional) wood-based materials 

- Functional materials 

- Production methods and processing of functional materials 

- Tannin-based materials 

- Advances in wood adhesives and coating 

An additional postersession with 15 contributions allowed a deeper inside in the application 

of plant-based coating systems, over the use of bio-based foams for Raman signal enhanc-

ing to advances in atomic force field microscopy for analyzing wood surfaces. This book of 

abstracts contains 44 peer reviewed abstracts and an additional 6 peer reviewed papers 

from 127 authors from all over the world. 

This book of abstracts will provide a wide overview on state-of-the-art developments sur-

rounding smart and bio-based materials for readers worldwide and should function an excel-

lence reference helping to bring together industry and research. Helping all of them to gain 

an advantage and broaden their knowledge. 

Finally, we would like to thank all authors and speakers for their willingness to share their lat-

est research and ideas. Without all this effort, this conference would not have been possible.  

 
 

The editors of the book of abstract and conference proceedings of the 1st SCSM 
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BALL DROP TEST FOR MECHANICAL CHARACTERIZA-
TION OF ENERGY DISSIPATION IN SILICONE ELASTOMER 

BLENDS 

R. Preuer*,1, C. Emminger1, U. D. Cakmak1,2 and I. Graz1,3 

1 Christian Doppler Laboratory for Soft Structures for Vibration Isolation and Impact Protection 
(ADAPT), Altenbergerstraße 69, 4040 Linz, Austria; rene.preuer@jku.at, carina.emminger@jku.at 

2 Johannes Kepler University Linz, Institute of Polymer Product Engineering, Altenbergerstraße 69, 
4040 Linz, Austria; umut.cakmak@jku.at 

3 Johannes Kepler University Linz, School of Education, STEM Education, Altenbergerstraße 69, 4040 
Linz, Austria; ingrid.graz@jku.at 

* Corresponding author  

Keywords: elastomer, blends, mechanical characterization, damping 

ABSTRACT 

Bouncing balls made from rubber/elastomers are fascinating toys due to their extreme mechanical de-
formability as a result of their entangled network structure. By tuning the crosslink density within the 
network, the mechanical properties can be adjusted – rendering the elastomer more elastic or viscoe-
lastic. The latter property allows to efficiently dissipate energy, thus making elastomers the material of 
choice for mechanical dampers. We use this mechanical property to characterize silicone elastomer 
blends by means of a simple and cheap ball drop test. A steel ball is dropped onto the samples and the 
rebounce is monitored using a high-speed camera. By analyzing the recorded data frame-by-frame, 
quantities such as velocity, acceleration and trajectory of the ball pre-and post-impact can be deter-
mined. Comparing pre- and post-impact data allows us to study the dissipative behavior in terms of 
rebound resilience as well as providing a simple way for the calculation of energy dissipation upon im-
pact. The results of the ball drop experiment are validated by conventional measurment methodes (i.e 
DTMA, uni-axial tensile test), with additional verification of the experimental data by theoretical models. 
Both the experimental and theoretical data show excellent agreement and prove that the ball drop test 
is indeed a simple but effective alternative to conventional measurement approaches. 
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MULTI-WAVELENGTH RAMAN SPECTROSCOPY OF 
POLY(FURFURYL ALCOHOL) 

Maurizio E. Musso1*, Francesco D’Amico2*, Raphael J.F. Berger1*, Dur-
val Bertoldo Menezes3, Andreas Reyer1, Letizia Scarabattoli1,4, Nicola 

Cefarin2, Thomas Sepperer5,6, Gianluca Tondi7, Thomas Schnabel5, Lisa 
Vaccari2 

1 University of Salzburg, Department of Chemistry and Physics of Materials, Jakob-Haringer-Strasse 
2a, 5020 Salzburg, Austria; maurizio.musso@sbg.ac.at; raphael.berger@sbg.ac.at;  

andreas.reyer@sbg.ac.at  
2 Elettra-Sincrotrone Trieste S.C.p.A., Strada Statale 14 – km 163,5 in AREA Science Park, 34149 Ba-

sovizza (TS), Italy; francesco.damico@elettra.eu; nicola.cefarin@elettra.eu; lisa.vaccari@elettra.eu    
3 Federal Institute of Triângulo Mineiro, Uberlândia, Minas Gerais, Brazil; durval@iftm.edu.br  

4 Università degli Studi di Perugia, Department of Chemistry, Perugia, Italy;  
letizia.scarabattoli@studenti.unipg.it   

5 Salzburg University of Applied Sciences, Forest Products Technology & Timber Construction Depart-
ment, Marktstrasse 136a, 5431 Kuchl, Austria; thomas.sepperer@fh-salzburg.ac.at;  

thomas.schnabel@fh-salzburg.ac.at  
6 Salzburg Center for Smart Materials, Jakob-Haringer-Strasse 2a, 5020 Salzburg, Austria 

7 University of Padova, Land, Environment, Agriculture and Forestry Department, Via dell’Università 
16, 35020 Legnaro (PD), Italy; gianluca.tondi@unipd.it 

* Corresponding author  

Keywords: Poly(furfuryl alcohol), Raman Spectroscopy 

ABSTRACT 

Poly(furfuryl alcohol) (PFA) [1-2, 4-10], produced through polymerization of furfuryl alcohol, is a thermo-
setting polymer [3] and basis of thermoset resin systems, and it has been investigated in several studies 
(IR, 13C-NMR, Raman, DSC), new aspects being considered each time [4-10]. Nevertheless, PFA still 
remains an intriguing polymer, since curing [3, 8-10], apart from being promoted by the presence of an 
acid catalyst, can be also induced by heat or suitable radiation, the resulting molecular structure of PFA 
consequently not being that obvious. Despite the scientific literature already available concerning the 
Raman spectra of PFA [4-7], at present an unambiguous assignation of the Raman bands recorded in 
cured, cross-linked, and consequently irreversibly hardened PFA is still missing [4-10]. The purpose of 
the present study was to investigate the presence and the grade of cross-linking and of conjugation in 
cured, hardened (thermosetted) PFA [8] in comparison to the pristine, viscous PFA [2] by means of 
multi-wavelength Raman spectroscopy in the visible and in the ultraviolet spectral range, using excita-
tion wavelengths from several laser sources and from a synchrotron light source. Additionally, by taking 
advantage from previous findings and foreseen possible molecular structures of PFA [8], Raman spectra 
were simulated by first-principles and semi-empiric methods for exploiting them to evaluate their match-
ing with experimental ones. Comparison of published PFA Raman spectra [5-7] with those obtained in 
our study evidences important differences for the pristine, viscous PFA and the cured, irreversibly hard-
ened and cross-linked PFA, due to a different molecular structure of the polymer as consequence of the 
curing process. Furthermore, with excitation wavelengths in the UV range, resonance Raman enhance-
ments can be observed, being also the case in the simulated spectra. Furthermore, Raman measure-
ments of a cured, irreversibly hardened PFA sample in a temperature range between -160°C and 300°C 
showed some remarkable changes of the spectral profile across this temperature range, being associ-
able with the glass transition described in [9-10]. This Raman spectroscopic study of viscous and cured 
PFA enables us to get a deeper understanding of the spectral features observable in the Raman spectra, 
possibly improving knowledge for the various applications of PFA, e.g. described in [1, 8-10]. 
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IMPACTS OF AGRICULTURAL WEATHERING ON DIVERSE 
MECHANICALLY FORMED BIODEGRADABLE MICRO-AND 

NANO-PLASTIC MATERIALS FOR ENVIRONMENTAL 
STUDIES 

Anton F. Astner1, Douglas G. Hayes1*, Hugh M. O'Neill2, Barbara R. Ev-
ans2, Sai Venkatesh Pingali2, Volker S. Urban2, Timothy M. Young3, Da-

vid P. Harper3 
1The University of Tennessee, Biosystems Engineering and Soil Science, 2506 E J. Chapman Dr, 

Knoxville, TN 37996, United States of America, dhayes1@utk.edu*  
2Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN 37831, United States of  

America, oneillhm@ornl.gov 
3The University of Tennessee, Center for Renewable Carbon, 2506 Jacob Dr, Knoxville, TN 37996, 

United States of America, tmyoung1@utk.edu 

* Corresponding author  

Keywords: Microplastics, Nanoplastics, Particle dimension, Biodegradable plastic, Terrestrial ecosys-
tems 

ABSTRACT 

Environmentally dispersed microplastics (MPs) and nanoplastics (NPs) from degraded mulch films and 
other plastic materials pose severe ecotoxicity to agricultural soil- organisms and ecosystems. Terres-
trial NPs can aggregate, adsorb chemicals and potentially serve as vectors to carry pesticides into the 
food web or be absorbed into the plant itself. Most current fundamental studies investigating the fate 
and transport of plastic particulates in terrestrial environments use unrealistic MP and NP surrogates, 
such as monodisperse polystyrene spheres. In contrast, this study aimed to prepare realistic MPs and 
NPs from agricultural weathered (W) and unweathered (but cryogenically treated) (U) films through mill-
ing, grinding and characterizing the physicochemical and dimensional properties.  
Firstly, a comparison of cryogenic cooling versus environmental weathering on the particle diameter 
(dp) of MPs (106 μm) and NPs (~120 nm) was evaluated using two biodegradable plastic feedstocks, 
frequently used for vegetable production systems. The MPs and NPs feedstocks were derived from 
biodegradable mulch films composed of polybutyrate adipate-co-terephthalate (PBAT) and a polylactic 
acid/polyhydroxybutyrate (PLA/PHA) blend. Secondly, the influence of polymer type on the morpholog-
ical changes during MPs and NPs formation was evaluated, relevant to their use in environmental stud-
ies. The MPs’ average circularity increased while the particles' aspect ratio and surface roughness de-
creased due to the weathering impact, suggesting the formation of more geometrically uniform particles. 
The particle circularity of PBAT-based W-MPs was 33% higher than U-MPs and 19% higher for 
PLA/PHA W-MPs compared to U-MPs; the aspect ratio decreased by 20% and 17%, respectively. U-
PBAT NPs were irregularly shaped and possessed an average surface roughness of 12 ±1.0 nm.  
A time series of wet grinding runs (60 counts) simulated the gradual transformation of W- and U-MPs to 
NPs. Environmentally weathered materials produced slightly smaller NPs for PBAT (dp of 122 nm and 
132 nm for W- and U-, respectively), while cryogenic treatment of U-PLA/PHA resulted in slightly smaller 
NPs (115 nm), however, in remarkably larger dimensions for W-NPs (266 nm). The latter observation 
reflects the existence of cross-linkages between the PLA and the filler material (CaCO3) formed through 
photodegradation, making W-PLA/PHA more resistant to comminution. A robust method to form MPs 
and NPs from biodegradable plastics through the mechanical impact that simulated the tillage of plastic 
mulch films into the soil was developed. The finding of dimensionally larger NPs from W-PLA/PHA after 
mechanical formation indicates that these agricultural W-NPs may be dimensionally more recalcitrant to 
biodegradation than NPs from W-PBAT and may reside longer in agricultural ecosystems 
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A BIOPOLYMER DEGRADATION ANALYSIS: ACCELERAT-
ED LIFE TESTING STUDY TO CHARACTERIZE POLYLAC-

TIC ACID DURABILITY 

Elias Arias-Nava1*, Delia Valles-Rosales2 and Brendan Sullivan3 
1 Department of Industrial and Operations Engineering, Instituto Tecnologico Autonomo de Mexico 

(ITAM), Mexico City, Mexico. elias.arias@itam.mx 
2 Department of Design, Production & Management, Faculty of Engineering Technology, University of 

Twente, De Horst 2, Building 20, Enschede, 7522 LW, Netherlands. b.p.sullivan@utwente.nl 
3 Department of Industrial Engineering, New Mexico State University, Las Cruces, NM, USA. 

dvalles@nmsu.edu 

* Corresponding author  

Keywords: Biopolymer, degradation, accelerated life testing, PLA 

ABSTRACT 

While the degradation of Polylactic Acid (PLA) has been studied for several years, results regarding the 
mechanism for determining degradation are not completely understood. Through accelerated degrada-
tion testing, information can be extrapolated and modeled to test parameters such as temperature, volt-
age, time, and humidity. Accelerated lifetime testing (ALT) is used as an alternative to experimentation 
under normal conditions. ALT is the process where you stress a product/material under accelerated 
conditions; based on the type of accelerated testing performed the results of the change in these varia-
bles describe the effect that the experimental variables have on the degradation/failure process. De-
pending on the type of accelerated testing used, there may be a different type of response; the degra-
dation response is open to the researcher, it may be physical/chemical structure changes; color 
changes; mass loss; or characteristics of the product itself. This paper presents a model for industrial 
and research purposes that describes failure times of polymers and can be used to better predict the 
useable lifespan of prod-ucts. The methodology to create this model consisted of fabricating series of 
ASTM specimens using extrusion and injection molding. These specimens were tested for accelerated 
degradation at 2,000 hours using the weatherometer ATLAS Ci5000 Xenon Weather-Ometer. The pa-
rameters for the acceler-ated weathering conditions were set according to the ASTM D2565-1. In the 
process of experimentation, ten replications of each test/code were utilized (70 color/weight samples, 
70 flexural, and 70 tensile samples), exceeding ASTM’s recommended standard test set of six speci-
mens to validate the experi-ment. The expansion of the test was performed to maximize the data gen-
erated and reduce the possibil-ity of missing important information.  
Tensile testing was conducted at different points of time; the data collected give a single peak force at 
the breaking point. Flexural testing was with a three-point breaking test. Individual test for the four re-
sponses was conducted in order to identify what variables are significant in the statistical difference of 
the multivariate analysis. Tensile test, flexural test, and color test with p-values of 1.41e-06, 5.18e-09, 
and 1.52e-06 respectively, are the responses that were determined to be the most significant. Weight 
response with a p-value of 0.4204 was determined not to be statistically significant. Nonparametric in-
ference tests for multivariate data are presented. The results indicate that the effect of the independent 
variable or treatment effect (time) is highly significant, all four tests have a good agreement on that. This 
research intended to provide a better understanding of biopolymer degradation. The findings indicated 
that the proposed statistical models can be used as a tool for characterization of the material regarding 
the durability of the biopolymer as an engineering material. It is essential to understand material behav-
ior, especially in terms of reliability and durability.  One important outcome of this research is that one 
model was created for each response, tensile, flexural, color, and weight changes. Having multiple mod-
els allow deciding which parameter is critical in the characterization of the material. 
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FUNCTIONAL WOOD-BASED MATERIALS  

Antoni Sánchez-Ferrer*, Max Engelhardt, Mathias Schuh, 

Thomas Böger, Klaus Richter 

Technical University of Munich (TUM), School of Life Sciences (SoLS), Wood Research Munich 
(HFM), Winzererstrasse 45, D-80797 Munich, Germany, sanchez@hfm.tum.de,  

engelhardt@hfm.tum.de, schuh@hfm.tum.de, boeger@hfm.tum.de, richter@hfm.tum.de 

* Corresponding author:  

Keywords: Actuators, adhesives, bio-based polymers 

ABSTRACT 

Wood-based products with high-performance have a huge potential due to their naturally occurring 
origin, renewability, and sustainability. Wood and wood polymers have unique properties, and when 
combined with synthetic or wood-modified polymers, the resulting materials can compete with fully syn-
thetic oil-based products. 
Functional polymers bring extra value to the inherent wood properties. Therefore, the development of 
novel functional polymers for the progress of fields like adhesives, elastomers, composites, coatings, 
and memory-shape materials are directly linked to the production of wood-related products, e.g., glulam, 
sealants, high-performance wood-based materials, preservatives/barriers, and wood-based sensors 
and actuators, respectively. 
These materials and their related applications have gained the attention and interest of materials scien-
tists and engineers, as well as related industries, due to their innovation, high benefit/cost ratio, and 
sustainability. In this sense, novel functional polymers have been designed for their ultimate use in the 
wood industry, which required well-defined behavior in terms of properties, performance and life-cycle 
effects. 
In this paper, the new developments in the field of wood adhesives – controlled reactivity, tunable vis-
coelasticity and mechanical properties -, lignin-based polymers – replacing of oil-based polymers, bio-
degradability and biocompatibility -, and actuators and sensors – controlled reversible response materi-
als -will be discussed together with the challenges for wood and materials scientists on obtaining func-
tional wood materials. 
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UTILIZATION OF BARK TOWARDS A HIGH-PERFOR-
MANCE INSULATION MATERIAL 

Axel Solt-Rindler*, Maria Busquets Ferrer, Oliver Vay and 
 Christian Hansmann 

1 Wood K plus – Kompetenzzentrum Holz GmbH., Konrad Lorenz Strasse 24, 3430 Tulln, Austria, 
a.rindler@wood-kplus.at, m.busquetsferrer@wood-kplus.at, o.vay@wood-kplus.at,  

c.hansmann@wood-kplus.at 

* Corresponding author:  

Keywords: thermal conductivity, porous structures, bio-based, burning behaviour, high performance 
bark 

ABSTRACT 

Bio-based porous materials are capable of providing a significant contribution to the thermal insulation 
of green building. Bark is the outer layer of trees and therefore protects the inner structures from environ-
mental impact. However, since the modest thermal insulation performance of natural tree bark, proce-
dures for improving insulation by reducing density may be of interest. In the present study, two different 
procedures were followed to utilize bark with a reduced density. On the one hand, the natural density of 
bark was further reduced by the extraction process, on the other hand, bark was disintegrated resulting 
in different particle morphologies. With these particles structures with low densities were established by 
means of different matrix substances. To properly investigate the thermal conductivity of the obtained 
structures on smaller length scales and different orientations to the grain, a purpose-built miniature heat 
flowmeter device was developed. Through different extraction procedures of bark (alkaline extraction 
and acid delignification) up to 50 % of the mass of tree bark could be removed, resulting in densities of 
less than a third of untreated bark. As a result of this treatment, also the equilibrium moisture content of 
the materials decreased significantly. For untreated popular bark (Populus sp.), the thermal conductivity 
of 0.071 W/mK and 0.140 W/mK, respectively, were determined in the transverse and axial directions. 
By reducing density, the thermal conductivity of bark decreased up to 24 %. Besides the extraction of 
bark, its disintegration and utilization as components in porous materials were investigated. Therefore, 
bark fibers (Picea abies) were successfully produced by means of a laboratory refiner. To obtain a po-
rous material different bio-based and non-biobased binders such as cationic starch, wheat gluten, bone 
glue, and polyvinyl acetate (PVAc D3) were investigated. Besides conventional foaming agents, porous 
struc-tures could be established by means of mechanical foaming of bio-based materials only. Stable 
struc-tures could be obtained by hot air and high-frequency drying and finally characterized in terms of 
mor-phology, thermal conductivity, mechanical properties, and burning behavior. The results reveal 
compa-rable properties to conventional bio-based insulation materials with thermal conductivity values 
of up to 0.05 W/mK and reduced burning behavior. Thus, it is demonstrated that underutilized and widely 
availa-ble bark residues from forest resources present a potential alternative raw material for efficient 
bio-based thermal insulation. 
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I-BEAMS BASED ON WOOD PARTICLES USING A NOVEL 
NON-CUTTING DISINTEGRATION TECHNOLOGY 
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ABSTRACT 

As a smart material, a 3D shaped wood composite material based on novel produced wood particles is 
presented in this work. Based on these wood particles, the so-called macro-fibres, this feasibility study 
attempted to produce 3D wood-based materials using various adhesive systems. Macro-fibres were 
used as raw material, which were produced using a novel non-cutting disintegration technology resulting 
in particles having a fibre orientation aligned parallel to their longitudinal axis. The significantly higher 
mechanical properties of macro-fibres compared to other conventionally produced wood particles (e.g. 
strands for OSB), as well as the high aspect ratio and the density to strength ratio make this raw mate-
rial highly interesting for the production of wood-based materials. The macro-fibres were bonded to-
gether using different wood industry adhesive systems, namely two-component polyurethane (PUR), 
phenol formaldehyde (PF) and polymeric methylene diphenyl diisocyanate (pMDI), and processed into 
I-beams in a heatable prototype press. The individual processing steps such as adhesive application, 
mat for-mation and pressing were adapted accordingly for each adhesive system. In addition, the I-
beams ex-hibited a higher density in the compression and tension zone (flange) than in the inner area 
of the cross section (web). As a result of the smart wood composite materials produced, it was shown 
that it is en-tirely possible to process macro-fibres into I-beams in a single pressing step. The selection 
of a suitable adhesive is crucial here, since as the cross-section increases, the more difficult it is to get 
the energy required for adhesive curing into the inner area of the cross section. 
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PROPERTIES OF WPCS MADE FROM ALIEN INVASIVE 
TREES AND RECYCLED LLDPE FOR INTERIOR APPLICA-

TIONS IN SOUTH AFRICA 
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ABSTRACT 

In order to curb alien plant invasion in South Africa, policies have been put into place to enforce clear-
ing of invaded land. However, the clearing operations pose an increased fire risk when the biomass is 
left on the ground and an underutilization of a valuable natural resource. Plastic waste is putting in-
creased pressure on ecosystems worldwide and recycling options are widely implemented. However, 
the use of recycled materials in South Africa is still very limited. The combined economic impact of the 
management of these two waste streams on the national budget is huge. 
In the past decades the need to address the permanently increasing housing deficit in South Africa has 
become ever more pressing. Affordable housing units are constructed throughout the country un-der 
the RDP (Reconstruction and Development Programme) policy. The allowed cost per house, is however 
very limited and all included building materials need to be in the low-cost spectrum. 
The objective of this project was to explore the possibility of adding value to these two waste material 
streams and simultaneously improve the living conditions in RDP houses by producing affordable ma-
terials for ceilings and wall cladding made from WPC materials. In order to keep the costs low, pro-
cessing was kept at a minimum and the biomass consisted of entire trees sourced mainly from Acacia 
saligna, while rLLDPE was sourced from a local recycling plant. The two components were compounded 
without any additives, such as compatibilisers, at various blending ratios and pressed at two different 
time and temperature levels into boards. The physical and mechanical properties of all WPC boards 
were found to be comparable to commercial boards for interior cladding. In addition, thermal and acous-
tic insulation properties were determined and compared to the commercially available cladding products. 
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PARTICLE-BASED PHOTOANODES FOR PHOTOELECTRO-
CHEMICAL WATER-SPLITTING 
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* Corresponding author  

Keywords: Renewable energy, Photoelectrochemical water-splitting, Photocatalysis 

ABSTRACT 

Already facing the severe consequences of climate change, humanity is forced to adapt and counteract 
in order to limit a global increase of temperature to 1.5-2 °C by the end of the century [1]. Besides, the 
world’s population energy demand is expected to double within the next 30 years [2]. In 2018, 81% of 
the worlds energy supply were covered by the consumption of finite fossil energy carriers [3]. Therefore 
exploiting renewable energy resources and ensuring efficient storability of the converted energy in form 
of chemical or electrical energy is necessary in order to meet climate goals. [2, 4] 
Hydrogen has a high energy density and is acknowledged as a promising green fuel of the future. One 
option to produce hydrogen using sun irradiation as a renewable energy resource is photoelectrochemi-
cal water-splitting. [4] In this process water is cleaved into its gaseous components H2 and O2 by taking 
advantage of photocatalytic properties of (visible) light absorbing semiconductors under solar irradia-
tion [5]. The two half reactions of the water-splitting reaction take place at two separate electrodes, a 
photoanode (O2 evolution) and a photocathode (H2 evolution), which ensures an easy separation of the 
evolving gases [2].  
Suitable electrode materials for photocatalytic applications should be abundant and non-toxic and ex-
hibit properties such as long charge carrier lifetimes, suitable band edge positions versus the hydrogen 
and oxygen evolution reaction and stability in aqueous media [6]. Oxynitrides show bandgaps in the 
range of the visible light energy and harvest therefore sunlight more efficiently than the related oxides, 
which absorb in the ultraviolet. [7, 8] LaTiO2N (LTON) as a perovskite-type oxynitride with a bandgap of 
2.1-2.2 eV has proven to be a suitable material for the fabrication of photoanodes in the photoelectro-
chemical water-splitting process. [6, 9] Within the Functional Materials Group at the University of Salz-
burg oxyni-tride materials are investigated, evaluating and improving their application as photocatalysts 
for photoe-lectrochemical water-splitting.  
This contribution will focus on LTON: The material properties are modified by e.g. varying composition 
or changing the morphology of the materials with the aim of improving their photoelectrochemical perfor-
mance and stability. Using scalable processes for the fabrication of particle-based photoelectrodes also 
ensures the practicability which is a necessary precondition for industrial applications in the future 
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MODIFIED H2V3O8 AS CATHODE MATERIAL FOR LI-ION 
BATTERIES AND NA-ION BATTERIES 
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ABSTRACT 

Today the implementation of renewable energy supply is an important task for society. In this context, 
efficient energy storage is a key element for the successful realization of the energy turnaround. One of 
the most promising electrochemical energy storage concepts relies on rechargeable batteries such as 
Li-ion batteries as the most prominent example. [1] 
However, lithium is listed as critical raw material since the production of lithium is only controlled by a 
few countries (e.g. in South American countries) [2]. Therefore, new alternatives for anode-materials 
have to be found, which offer a higher abundance combined with a high standard electrode potential. A 
well-known alternative is sodium since it is an abundant resource in the earth´s crust and offers easy 
access worldwide. [3][4] 
In addition to identifying alternatives for lithium as anode material, suitable cathode materials, which are 
electrochemical active versus Na+-intercalation, have to be found. In this context, hydrated vanadium 
oxide (H2V3O8 or V3O7*H2O) is a promising cathode material belonging to the layered vanadium oxide 
class. [5] H2V3O8 possesses mixed valance states, which leads to a high electronic conductivity. [6] Due 
to its open framework it allows reversible intercalation of various ions like Li+, Na+ or Zn2+. [7] By chang-
ing its morphology from particles to thin fibers, faster charging and higher charge densities are enabled. 
In this contribution, we show that pristine H2V3O8 and modifications of H2V3O8 possesses a high potential 
as cathode material for both Li-ion batteries as well as Na-ion batteries. We present structural and mor-
phological properties of H2V3O8 synthesized under hydrothermal conditions with additives (e.g. rGO) in 
addition to the electrochemical properties. Conductive additives lead to higher energy densities com-
bined with higher cycling stabilities. Further modifications such as prelithiation and presodiation of 
H2V3O8 are explored to compensate the loss of Li+-ions and Na+-ions due to the formation of the solid 
electrolyte interface (SEI) in the first cycles.  
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ABSTRACT 

Heterometallic nanostructures have a broad range of potential applications ranging from photocatalysis 
to sensing. We will present the synthesis of heterometallic gapped AuRh-Au and AuRu-Au nanorod di-
mers using an electrochemical templated technique, the on-wire lithography. Such gapped structures 
can provide a large enhancement of the electric field at the catalyst surface, which can significantly 
improve the selectivity and reaction rate under plasmonic excitation. To tune the E-field at the photo-
catalyst, a precise control over the segment length and gap size down to the nanometer range is neces-
sary, which is synthetically challenging. We report here a sub-10 nm control over the Rh/ Ru segment 
length and gap size. We will discuss how the electrodeposition parameters can be adjusted to control 
the metal segment morphology. An optical study of the various heterometallic nanorods synthesized will 
be presented, along with preliminary three-dimensional electromagnetic simulations based on the finite-
difference time-domain (FDTD) method. 
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ABSTRACT 

Metal–silicon nanowire array photoelectrodes provide a promising architecture for water-splitting be-
cause they can afford high catalyst loading and decouple charge separation from the light absorption 
process. To further improve and understand these hybrid nanowire photoelectrodes, control of the cat-
alyst amount and location within the array is required. Such a level of control is currently synthetically 
chal-lenging to achieve. Here, we report the synthesis of cm2-sized hybrid silicon nanowire arrays with 
elec-trocatalytically active Ni–Mo and Pt patches placed at defined vertical locations within the individual 
nanowires. Our method is based on a modified three-dimensional electrochemical axial lithography 
(3DEAL), which combines metal-assisted chemical etching (MACE) to produce Si nanowires with spa-
tially defined SiO2 protection layers to selectively cover and uncover specific areas within the nanowire 
arrays. This spatioselective SiO2 passivation yields nanowire arrays with well-defined exposed Si sur-
faces, with feature sizes down to 100 nm in the axial direction. Subsequent electrodeposition directs the 
growth of the metal catalysts at the exposed silicon surfaces. As a proof of concept, we report photoe-
lectrocatalytic activity of the deposited catalysts for the hydrogen evolution reaction on p-type Si nan-
owire photocathodes. This demonstrates the functionality of these hybrid metal/Si nanowire arrays pat-
terned via 3DEAL, which paves the way for investigations of the influence of three-dimensional geomet-
rical parameters on the conversion efficiency of nanostructured photoelectrodes interfaced with metal 
catalysts. 
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ON THE SELECTIVITY OF MESOPOROUS KIT-6-DGA-TYPE 
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ABSTRACT 

Rare earth elements (REEs) and their compounds are crucial for rapidly developing modern technolo-
gies. Particularly, these materials are essential in the area of green and sustainable energy. Thus far, 
however, efficient REE separation/purification in an economically and environmentally effective manner 
remains a challenge. Additionally, current extraction technologies often generate huge amounts of unde-
sirable wastes. In that perspective, the development of reusable, selective and efficient sorbents is ur-
gently needed. Currently, the diglycolamide-based (DGA) ligands play a predominant role in the liquid–
liquid separations process, though, their extraction behavior is not broadly studied when such ligands 
are grafted on a solid support. A detailed understanding of the relationship between chemical structure 
and extraction performance at the molecular level is still missing; although it is a crucial factor for the 
development of efficient sorbents with high selectivity and reusability. In our studies, we used different 
spectroscopic techniques (solid-state NMR, X-ray photoelectron spectroscopy, and Fourier transform 
infrared spectroscopy) to better understand the selectivity of our functionalized mesoporous silica (KIT-
6) sorbents. From our results, it can be suggested that depending on the extracted element, structure 
of the ligand or its connection to silica support, different functional groups (i.e., C═O, N–H, or silanols) 
act as adsorption centers. Consequently, different extraction mechanisms or different complexation pre-
fer-ences may occur on the surface. Diverse selectivity behaviour may be related to differences in the 
size of the chelating ligand (angle) (Figure 1), density of ‘free’ silanol groups or the ligand surface envi-
ron-ment.  Our study allowed us to realise the role of functional groups (e.g., O-donor, N-donor, silanol 
groups) in enhancing metal–sorbent interactions, which eventually determines the selectivity of silica 
sorbent. Based on our results we can claimed that: (1) iron ions are not well-retained in the (organo)silica 
sorbents due to the presence of nitrates in the coordination sphere of the metal; (2) scandium is prefer-
entially extracted by materials with a higher density/number of residual (‘free’) silanols; and (3) for lig-
ands that cover the pore surface more uniformly, the lanthanide selectivity is determined mostly by the 
size of the chelating ligand, giving eventually a possibility to increase separation efficiency among the 
lanthanides. 

 
Figure 1.  Different coordination angles of various mesoporous silica-grafted DGA-type ligands. 
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TOMIZED PREFABRICATED WOODEN HOUSES 

Birger Bartuska1*, Alfred Teischinger2 and Martin Riegler1 
1 Wood K plus – Competence Centre for Wood Composites and Wood Chemistry; Konrad-Lorenz-

Straße 24, 3430 Tulln, Austria, b.bartuska@wood-kplus.at, m.riegler@wood-kplus.at  
2 Institute of Wood Technology and Renewable Materials, Department of Material Science and Pro-

cess Engineering, University of natural Resources and Life Sci-ences, Vienna; Konrad-Lorenz-Straße 
24, 3430 Tulln, Austria, alfred.teischinger@boku.ac.at 

* Corresponding author  

Keywords: computer vision, spatial augmented reality, projector, mass customization, prefabrication 

ABSTRACT 

The trends of highly flexible production systems, smaller lot sizes and customized products have led to 
intensified research in these fields over the last years. The evolved term “Industry 4.0” has promised a 
revolution for the entire manufacturing sector, often showcasing applications in the automotive industry. 
Especially for small and medium sized enterprises with a high degree of customization, technologies 
that have been developed for mass automotive production are not directly transferable. However, many 
emerging technologies that were only known to specialized researchers 10 or 20 years ago are now 
read-ily available and have become affordable because of mass production. Since the introduction of 
the Microsoft Kinect for Xbox and Lidar sensors for automated driving applications, low-cost 3D cameras 
have gained a lot of attention and have often been used in research and development. 
3D Sensors are also predestined to be used for assistance systems. A potential use case is the produc-
tion of prefabricated houses. Although the buildings are usually based on standard designs, they are 
customized according to individual needs. This customization requires even well trained professionals 
to study technical CAD plans for every commission. Usually, workers get printed versions of CAD plans. 
These plans are typically not optimized for easy readability, which increases the time spent for plan 
reading. Additionally, such plans pull the focus away from the actual work and create the risk of making 
mistakes. 
In the present study, a computer vision system based on an Intel RealSense 3D camera is combined 
with a projector based spatial augmented reality system to optimize the assembly of wood frames in a 
mass customization production environment. With this augmented reality approach, CAD plans are fed 
to the system and shown by a projector on the worktable. The 3D camera creates a depth image of the 
wood frame, which is compared to the CAD Plans. The computer vision system gives the workers im-
mediate visual feedback if the assembly was done correctly. 
Timber frames were built in a laboratory setup to test the novel approach against commonly used paper 
plans. The time spent to carry out the production step was measured as well as the quality of the as-
sembled framework. To compare the usability, a raw NASA task load index questionnaire was given to 
the participants after completion of the study. The immediate feedback of the visual assistance system 
helped workers to detect possible errors prior to occurrence. Using the assistance system, the objects 
could be positioned precisely. The assistance system could even be used for quality control, whereas it 
informs the worker if the current assembly step has been carried out correctly and whether to proceed 
to the following assembly step.  
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ABSTRACT 

In general, 4D printing is a programmable deformation of a manufactured part over time that is triggered 
by an external stimulus – such as a change in humidity. In other words, an ordinary 3D print and the 
fourth dimension symbolizes the time component. For producing 4D printed objects, materials which 
have a different degree of swelling and shrinking – depending on their direction (X-, Y- and Z-axis) – are 
processed using an FLM (Fused Layer Modeling) 3D printer. In addition, changing print directions must 
be applied within the individual layers of the object. Whenever the printed part is exposed to moisture, 
internal tensions arise in the object, which cause the object to bend in a predefined way. 
A specially designed wood filament with a high sensitivity to moisture was utilized for sample manufac-
turing. The material consists of 75 wt. % Polylactic Acid (PLA), a thermoplastic biopolymer, and 25 wt. 
% wood fibers. An unmodified Ultimaker 2+, which was equipped with a 0.6 mm nozzle, was used to 
process the wood thread. It was ensured that the moisture-sensitive filament was only processed after 
it was completely dry. Specific process parameters – like temperature, printing speed – were tweaked 
for this custom-made material in several series of tests. Finally, a print temperature of 210°C, a build 
plate temperature of 60°C and a moderate print speed of 25 mm/sec provided the best results. 
Two different sample types with completely different print directions were designed and produced using 
the Ultimaker 2+. For type one, the print directions applied led to an outward curvature as soon as the 
FLM 3D printed specimens came into contact with a higher relative humidity level. For the other type, 
the print directions chosen resulted in an inward curvature as soon as the objects were exposed to a 
higher relative humidity concentration. Once the relative humidity level dropped, the samples returned 
to their original FLM 3D printed geometry, without having any signs of fatigue. 
The applications for 4D printed objects are generally very far-reaching, for example for self-opening and 
self-closing ventilation outlets. As soon as the relative humidity in a room reaches a higher level, such 
4D printed outlets would open and allow natural air exchange. As soon as the relative humidity returns 
to normal conditions, the 4D printed outlets would close automatically. 
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ABSTRACT 

The biomass of plants, bacteria and fungi contains huge amounts and a large variety of renewable raw 
materials that can be used for the production of sustainable polymers by either isolating known mono-
mers e.g. terpenes, carbohydrates or vegetable oil for polymer synthesis or by using biosynthesized 
polymers directly (e.g. cellulose, chitin, lignin). These naturally occurring polymers, or biopolymers, are 
of high commercial importance for the replacement of mineral oil-based plastic products and as well as 
for new biomedical and pharmaceutical applications due to their high biocompatibility and immunological 
properties. Renewable biopolymers that are produced in masses and huge varieties by plants play an 
important role in saving natural resources. A ubiquitous although less abundant polymer with particularly 
unique properties is sporopollenin. It builds the outer cell wall of spores and pollen grains to protect the 
genetic information together with the gametes that are stored inside the gametophore. For this reason, 
the exine has evolved to guard from UV light, oxidising agents, acidic or alkaline milieu and physical, 
mechanical stress. Compared to other natural biopolymers this ‘tough’ sporopollenin has so far resisted 
detailed scientific studies and subsequently, putative technical applications due to its extraordinary 
strong resilience. A detailed and comprehensive characterisation of the physicochemical and mechano-
elastic properties as well as the biological activity of purified, soluble sporopollenin allow first applica-
tions of sporopollenin-containing composite or hybrid materials in heavy metal or rare element adsorp-
tion, surface coating, wood waterproofing or human wound dressings. 
   



Proceedings of the first international  
“Salzburg Conference for Smart Materials”  

at the FH-Salzburg: Campus Kuchl: September 16-17, 2021 

Session: Production methods and processing of functional materials 21 

TOTAL QUALITY DATA MANAGEMENT (TQDM) STRATE-
GIES FOR SUCCESSFUL MACHINE LEARNING AND AI IN 

THE REALIZATION OF INDUSTRIE 4.0 

Timothy M. Young1*, Alexander Petutschnigg2 and David C. Juriga3 
1 The University of Tennessee | Bredesen Center (UTK/ORNL) Center for Renewable Carbon 

2506 Jacob Drive Knoxville, TN 37996-4570, USA, tmyoung1@utk.edu  
2 Salzburg University of Applied Sciences, Holztechnologie & Holzbau Markt 136a | 5431 Kuchl | Aus-

tria, alexander.petutschnigg@fh-salzburg.ac.at  
3 The University of Tennessee, Center for Renewable Carbon Currently, IT Digital Experience Consult-

ant SPAR Business Services, GmbH Europastrasse 3, 5015 Salzburg, Austria,  
David.Juriga@spar-ics.com 

* Corresponding author  

Keywords: Industrie 4.0, machine learning, AI, Total quality Data Management, strength prediction 

ABSTRACT 

The successful application of machine learning and AI is fundamental to the success of Industrie 4.0.  
Liao et al. (2017) extensive review of the literature related to Industrie 4.0 found the vast majority of 
published research was insufficient in addressing digital integration of data and lack of affordable data 
mining software.  Liao et al. (2017) further suggest a huge gap exists in machine learning (ML) and AI 
theoretical research (85%) and successful industrial applications (5%).  Theorin et al. (2015) called data 
the ‘hidden asset in manufacturing’ but estimated that 85% of all manufacturing data are unstructured 
and not useful for rapid decision making in high throughput production facilities. A key barrier to the suc-
cessful application of ML and AI is the lack of structured data of acceptable quality.  The paper outlines 
strategies for ‘Total quality Data Management’ (TqDM) in the application of automated data fusion and 
data quality improvement for smart manufacturing and the realization of Industrie 4.0.  An industrial 
study is summarized that assessed the influence of data quality on predictive algorithms of the strength 
of manufactured materials.  The improvement of data quality using automated outlier detection and im-
putation improved the root mean square of prediction in validation by from 23% to 72% depending on 
the ML algorithm and the strength property being predicted.  
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ABSTRACT 

Biological actuators have great potential to be transferred to a novel class of bio-inspired, active, and 
adjustable structures / materials with optimised physical properties and mechanical behaviors that re-
spond to different stimuli through material morphology and arrangement. 
Taking as inspiration the active system of the cell structure of the Ice plant's (Delosperma naku-
rense)seed capsule and combining it with the kinematic amplification mechanisms of auxetic materials, 
(materials that exhibit the unusual characteristic of expanding transversely to the applied force when 
they are stretched.) The objective is to design and manufacture a range of bioinspired auxetic actuators 
from laminar materials that transform out of the plane. 
First, an interpretation and an abstraction were created that allowed the complex natural mechanism to 
be decomposed into simpler ideas, which could be transferred to the design domain, for the creation of 
an applied model that accounts for the passive system of the ice plant. 
In the second instance, one of the most used examples of auxetic geometry was studied, which is the 
re-entrant honeycomb cell presented by Evans1 in 1991. In this research, this geometry is analysed and 
used to develop different configurations / organisations. 
Then, through an iterative process between sketches and physical models, information is obtained to 
prescribe and control the out-of-plane transformations in these structures. By "blocking" some areas it 
is possible to induce elastic instabilities (buckling and bending) in the structures in order to create move-
ment / change of shape.  
Digital Designs: Rhinoceros 
Material: EVA rubber 
Manufacturing method: Laser Cut 
A simple and accessible way to fabricate complex transformable structures from flexible sheet materials. 
- Propose the use of geometry as a way to prescribe or program the behaviour of a material. 
The material designed in this research does not have discrete parts or mechanisms to achieve move-
ment and transformation; instead, it has active and restricted zones in a flexible sheet material, which 
when subjected to uniaxial stress, buckles and bends to form three-dimensional structures and out-of-
plane movements. 
Demonstrate how practice and design-based experimentation can advance research in scientific fields 
and catalyze the creation of innovative technology applications. 
Endow a conventional elastic material with unconventional behavior: Out-of-plane transformation, with 
incorporated functionality through the use of geometry and spatial arrangement. 
Application prototypes showing how this transformable material can be used as a soft robotic gripper 
and a model for dome-shaped structures from flat surfaces.  

References 
Burgert, I. and Fratzl, P. (2009) 'Actuation systems in plants as prototypes for bioinspired devices', Philos 

Trans A Math Phys Eng Sci, 367(1893), pp. 1541- 57. 
Evans, K. E. (1991). Auxetic polymers: a new range of materials. Endeavour, 15(4), 170–174. 
Guiducci, L., Fratzl, P., Bréchet, Y. J. M., & Dunlop, J. W. C. (2014). Pressurized honeycombs as soft- 

actuators: a theoretical study. Journal of The Royal Society Interface, 11(98), 20140458. 
Holmes, D. P. (2019, April 1). Elasticity and stability of shape-shifting structures. Current Opinion in 

Colloid and Interface Science. Elsevier Ltd.  
Kolken, H. M. A., & Zadpoor, A. A. (2017). Auxetic mechanical metamaterials. RSC Advances. Royal 

Society of Chemistry. 

 



 

 

TANNIN-BASED MATERIALS 

Thursday, September 16th 
16:45 – 18:00  

Sessionchair 

Prof. Dr. Gianluca Tondi, University of Padua 

 



Proceedings of the first international  
“Salzburg Conference for Smart Materials”  

at the FH-Salzburg: Campus Kuchl: September 16-17, 2021 

Session: Tannin-based materials 24 

MONOLITHIC CARBON SPHEROGELS BASED ON SUS-
TAINABLE PRECURSORS 

A. Koopmann*, M. Salihovic, J. Torres, N. Huesing and M. S. Elsaesser 

Paris-Lodron-University of Salzburg, Jakob Haringer-Str. 2A, 5020 Salz-burg, Austria,   
ann-kathrin.koopmann@sbg.ac.at, miralem.salihovic@sbg.ac.at, jorge.torres@sbg.ac.at  

 nicola.huesing@sbg.ac.at, michael.elsaesser@sbg.ac.at  

* Corresponding author:  

Keywords: carbon spherogels, carbon aerogels, sustainable carbons, nanoporous materials 

ABSTRACT 

Carbon aerogels, which are generated by pyrolysis of organic aerogels under inert atmosphere, are of 
great interest for various applications, such as electrodes in supercapacitors or batteries, as well as in 
catalysis, due to their excellent properties, namely low density, high surface area, high mechanical sta-
bility, tailorable porosity as well as high electrical conductivity. Furthermore, materials, composed of 
hollow carbon spheres provoked increased interest, compared to conventional carbon aerogels, due to 
their additional features such as a high surface-to-volume ratio and feasibility for encapsulation. Howev-
er, so far solely hollow carbon spheres powders have been prepared. Salihovic et al. (2019) were the 
first to prepare freestanding monolithic carbon sphere assemblies by templating with PS latex, which 
they term carbon spherogels. Additionally, it has to be addressed that the resorcinol-formaldehyde (RF) 
based polymer source for the preparation of conventional carbon materials is petroleum-based, toxic 
and environmentally-harmful. To date, most of the efforts to synthesize hollow carbon spheres from 
envi-ronmentally-friendly carbon sources are focused on the usage of monosaccharides as well as car-
bohy-drates as organic precursor molecules. Another promising plant-based polyphenol is tannin, which 
is used in combination with formaldehyde to prepare porous carbons. 
In the present work, we present a synthesis procedure to carbon spherogels, focusing complete-ly on 
replacing all raw-oil based precursors: Our perspective route to freestanding, sustainable, monolith-ic 
carbon spherogels, on the basis of the tree extract mimosa tannin and biomass-derived 5-(hydroxyme-
thyl)furfural (5-HMF), as a crosslinker. These green, highly porous, homogenous carbon spherogels 
have been thoroughly investigated regarding their physicochemical as well as electrochemi-cal proper-
ties in comparison to the previously prepared RF-derived carbon spherogels.  
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ABSTRACT 

Thinking logically on the chance to survive as a specie on this planet on a long run, we are realizing that 
the time to act for reducing air, water and soil pollution is now. This urgency in fighting against the crude-
oil addiction we matured in the last century, encounters the limitation of the performance of many of the 
natural based materials developed until now.   
Bio-polymers are generally less durable, less mechanically stable, less water resistant and more expen-
sive than the synthetic ones, which often cut off these products unless strong political restrictions are 
applied on the synthetic compounds. The higher is the performance gap between products of natural 
and synthetic origin, the less probable is that restrictions will be enforced. 
One of the most promising bio-resources to be considered for the synthesis of bio-based materials is 
tannin: Tannins are polyphenolic substances which superior plants produce to chemically protect its 
more sensitive areas such as bark, heartwood, seeds and leaves. And these substances are moveable 
in the plant, hence they can be easily extracted in water. Indeed, tannin are industrially extracted from 
wood and bark chips and successfully applied in the leather tannery row and other applications.  
Therefore, due to their nature, tannins are durable and cheap meaning that they are a serious oppor-
tunity to developing high performing natural materials. Further, flavonoid tannins can polymerize with 
similar extent than resorcinol which opens a wide research field for innovative bio-resin. 
The goal of our research is to synthesize and characterize tannin-based resin trying to exploit local ex-
tracts and unexplored blend in order to produce performing formulations to replace synthetic adhesives, 
coatings and plastics.  
In this contribution we aim to present the results in terms of chemical and physical properties of the most 
promising blend developed in our labs as well as their interaction with wood.  
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ABSTRACT 

Hydrogels are versatile materials that find applications in diverse areas ranging from drug delivery and 
wound healing in the biomedical field to the use as transparent and flexible electrodes in the area of 
smart electronics. Hydrogels can be highly transparent, flexible and stretchable while providing ionic 
conductivity sufficient for many applications such as sensors, actuators and displays. Conventional hy-
drogels, most prominently polyacrylamide, are formed utilizing petrol-based polymerization chemistry. 
Alongside other environmentally critical factors such as toxicity, this raises sustainability concerns, es-
pecially in light of the imminent advent of flexible and wearable soft electronics relying heavily on such 
hydrogels. We have developed stretchable, flexible and transparent hydrogels utilizing precursors that 
can be largely produced from renewable resources. They are formed by polymerization of wood-derived 
condensed tannin and a flexible, polyethylene glycol based crosslinker via an epoxy curing mechanism. 
Variation of their stoichiometry and total concentration in the aqueous casting solution provides a 
straightforward means to adjust mechanical and physical properties as well as swelling behavior. The 
hydrogel network can be infiltrated with various salts to provide high ionic conductivity and optimal water 
retention capabilities were established using the most suitable inorganic salt. Finally, we demonstrate 
that these hydrogels can be applied as transparent and flexible electrodes highlighting their potential 
future application in flexible and wearable electronics.  
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ABSTRACT 

Tannin-furanic foams have been studied intensively over the past decade leading to a better understand-
ing and improved production processes of said material. Although they consist of almost 100 % bio-
sourced raw materials, the end-of-life situation remains mostly unknown and only a little research has 
been conducted in this direction.  
With an increased demand of crops while simultaneously reducing farmable land, the use of nitrogen-
based fertilizer, especially cattle manure slurry, has increased. One downside of the manure is present-
ed in the emission of ammonia gas, which greatly contributes to the greenhouse effect and global warm-
ing. Therefore, the European commission aims to drastically reduce agricultural ammonia emissions 
within the next decade. Not only gaseous emission present threats to the environment, but also efflu-
ents from a huge variety of industries (like clothing, mining, or chemical). The wastewater often contains 
various kinds of harmful chemicals like dyes, pharmaceuticals, acids/bases, etc. In recent studies, tannin 
and tannin-based polymers have shown great affiliation towards charged water contaminants like meth-
ylene blue or sodium dodecyl sulfate, but also ammonia. It was shown that tannin-based polymers are 
able to reduce the ammonia emission from cattle manure slurry by up to 90% and that of aqueous 
ammonia still up to 70%, reducing the loss of valuable nitrogen to the surrounding air and therefore mak-
ing it available as fertilizer in the soil. The polymers have also shown good absorption capacities against 
methylene blue (60mg/g) or sodium dodecyl sulfate (32 mg/g) representing the classes of cationic dyes 
and ionic surfactants (Figure 1.). Simple regeneration of the absorbents with warm alcohol is possible 
and does not negatively impact the absorption capacity. 
Although further studies concerning the scalability and long-term performance, especially for the manure 
treatment, are needed and currently conducted, these findings present a promising use for spent tannin-
furanic polymers at the end of their life.  

 
Figure 1. 20ppm methylene blue solution before and after filtration through tannin foam 

Acknoledgements: This research was funded by AWS (Austrian Wirtschaftsservice), grant number 
P1727558-IWB01 in scope of the EFRE (Europäischer Fonds zur regionalen Entwicklung) Project IWB 
(Investitio-nen in Wachstum und Beschäftigung) Zentrum Smart Materials. 
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ABSTRACT 

In the last decade surface enhanced Raman scattering (SERS) has become a utilizable, fast, highly 
sensitive and non-destructive characterization method for research and industry (e.g. as biosensors, for 
life science applications). The use of porous silicon as base material, covered with metallic nanostruc-
tures, has shown great potential for SERS (surface enhanced Raman spectroscopy) over the last years.  
The benefit of high enhancement factors of SERS substrates originates from using plasmonic nanostruc-
tures. The effect can be separated in the electromagnetic enhancement generated from local-ized sur-
face plasmon resonances, which provides the major contribution, and the chemical enhance-ment re-
lated to charge transfer interactions of analyte and plasmonic nanoparticles. The enhancement can 
furthermore be boosted by using very close nanoparticle arrangements leading to couplings of local-
ized surface plasmon resonances, so called hot spots. 
In this study the advantage of a broad-band SERS substrate type, meaning all degrees of freedom re-
garding a random spatial distribution and size of pores and metallic nanostructures, is shown. These 
substrates were used to detect different commonly used analytes (e.g. Rhodamine 6G, 4-MBA, etc.) 
with laser excitation wavelengths at 455 nm, 532 nm and 785 nm. First measurements have been per-
formed using analyte concentrations of 1 mM. The substrates are based on arbitrarily arranged porous 
silicon particles, on top of which silver nanoparticles of different and arbitrary sizes and shapes are ran-
domly grown. This creates a vast variety of SERS active arrangements generating at each excitation 
wavelength a different Raman scattering enhancement, homogenously and narrowly distributed across 
the whole surface. 
  

mailto:gebhard.sabathi@stud.sbg.ac.at
mailto:maurizio.musso@sbg.ac.at
mailto:gilles.bourret@sbg.ac.at


Proceedings of the first international  
“Salzburg Conference for Smart Materials”  

at the FH-Salzburg: Campus Kuchl: September 16-17, 2021 

Postersession 30 

SPOROPOLLENIN FROM LILIUM LONGIFLORUM POLLEN 
GRAINS 

Claudia Reinthaler*1, Tobias Kober1, Gerhard Obermeyer2 and Heidi 
Pertl-Obermeyer1,3 

1 Salzburg University of Applied Sciences, Forest Products Technology and Management, Markt 136a, 
5431 Kuchl, Austria, creinthaler.htw-m2019@fh-salzburg.ac.at, tkober.thw-m2019@fh-salzburg.ac.at 

2 Paris-Lodron-University of Salzburg, Biosciences, Billrothstr. 11, 5020 Salzburg, Austria,  
gerhard.obermeyer@sbg.ac.at 

3 Paris-Lodron-University of Salzburg, Chemistry and Physics of Materials, Jakob-Haringerstr. 2a, 
5020 Salzburg, Austria, h.pertl-obermeyer@sbg.ac.at 

* Corresponding author  

Keywords: Sporopollenin, Lilium longiflorum, polymer, timber impregnation, timber protection 

ABSTRACT 

Sporopollenin is one of the toughest biopolymers and protects the genetic information of pollen grains 
and plant spores. In addition to its mechanical and chemical durability, sporopollenin also absorbs UV 
radiation, thus making it an interesting material for future applications to protect timber surfaces by natu-
ral impregnation. 
The outer pollen wall (exine) of pollen grains consists of sporopollenin and serves as a model natural 
source to test different steps of a putative production process at a micro scale. 
Sporopollenin was isolated from the lily pollen (Lilium longiflorum) by combining enzymatic digestion of 
the cellulose cell wall, mechanical shaking, density-based separation (centrifugation) and washing with 
organic solvents of increasing hydrophobicity. The extracted sporopollenin was freeze-dried and sub-
ject-ed to various organic solvents. A solution of long-chain, polymeric sporopollenin in 2-ethanolamine 
(mono-ethanolamine, MEA) serves as a standard for physico-chemical characterization using electron 
microscopy, FTIR and Raman spectroscopy as well as NMR. 
In first experiments, sporopollenin was successfully isolated and highly purified from lily pollen grains.  
The solubilized sporopollenin was then applied on timber surfaces and checked on improved resistance 
in an Accelerated Weathering Tester (QUV, Q-Lab).  
Other sources of pollen grains will be tested and experimental protocols optimized for an economical, 
labor- and resources-saving process. 
  

mailto:creinthaler.htw-m2019@fh-salzburg.ac.at


Proceedings of the first international  
“Salzburg Conference for Smart Materials”  

at the FH-Salzburg: Campus Kuchl: September 16-17, 2021 

Postersession 31 

DESIGN AND USE OF A PHOTOBIOREACTOR FOR 
AUXENOCHLORELLA PROTOTHECOIDES  

SPOROPOLLENIN PRODUCTION 

Tobias Kober1,*, Claudia Reinthaler1, Gerhard Obermeyer2 and Heidi 
Pertl-Obermeyer1,3 

1 Salzburg University of Applied Sciences, Forest Products Technology and Management, Markt 136a, 
5431 Kuchl, Austria, creinthaler.htw-m2019@fh-salzburg.ac.at, tkober.thw-m2019@fh-salzburg.ac.at 

2 Paris-Lodron-University of Salzburg, Biosciences, Billrothstr. 11, 5020 Salzburg, Austria,  
gerhard.obermeyer@sbg.ac.at 

3 Paris-Lodron-University of Salzburg, Chemistry and Physics of Materials, Jakob-Haringerstr. 2a, 
5020 Salzburg, Austria, h.pertl-obermeyer@sbg.ac.at 

* Corresponding author  

Keywords: sporopollenin, Auxenochlorella protothecoides, polymer, photobioreactor, pollen 

ABSTRACT 

Sporopollenin is a plant-originated biopolymer that forms the outer layer of pollen grains (exine) or algae 
cell walls with extraordinary chemical and physical properties that make sporopollenin one of the tough-
est biomaterial. However, natural sources of sporopollenin in pollen and spores are very limited and 
isolation is laborious and expensive. 
The aim of the project is to optimize the cultivation of the microalgae Auxenochlorella protothecoides, 
which is surrounded by a sporopollenin layer, as a cheap sporopollenin source that can be easily up-
scaled for industrial production. Different cultivation conditions are tested in a custom-made photo-bio-
reactor.  
The photobioreactor is based on a 1 l vessel with various mixing opportunities (stirring, air bubbling) and 
a constant light source (combination of red, blue, UV and NIR LEDs). During the growth phase, optical 
density, temperature, pH-value, chlorophyll content and luminous intensity are recorded using a mini-
computer (Raspberry Pi) supported and IoT-based data recording system. Different nutrient sources 
ranging from synthetic growth media with various N-to-C ratios to waste waters from industri-al pro-
cesses can be used, thus making the algae cultures an economically valuable source for spo-ropollenin 
production.  
Preliminary data to optimise growth conditions of the algae culture and to test the function of the photo-
bioreactor including the data recording system are presented.  
The evaluation of data of the different sensors as well as their correlation to the characteristics of the 
microalgae during their growth allows the determination of essential vital data of the microalgae in the 
photobioreactor. 
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ABSTRACT 

The surfaces of wooden structures and elements used outdoors need to be protected from the harmful 
effects of the environment, so thus to achieve reduced water and UV absorption, increased durability 
and fire resistance, and improved mechanical properties. Modern nano-based coatings are particularly 
effective for this purpose. The larger surface area of the nanoparticles increases their chemical activity, 
and the nanosize improves their uniformity of penetration into the porous and grains of the wood struc-
ture. In this regard, the purpose of this article is to measure the adhesion strength of a multilayer hete-
rogeneous exterior nanocoating applied on different types of wood surfaces and to determine the in-
fluence of the factor "number of applied layers" on the adhesion strength. Water-based lacquer system 
developed by ICA S.p.A. (Italy) was applied by airless injection to test specimens of Larch (Larix spp.), 
Bright red meranti (Shorea spp.) and Canadian oak (Quercus rubra). The conclusions made express 
the influence of the type of the varnish system, the number of applied layers and the structure of the 
wood on the adhesion strength of the obtained coatings. 
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ABSTRACT 

As a natural raw material, wood is subject to various environmental influences during use. UV radiation, 
moisture, insects, fungi and microorganisms lead to a reduction in durability in exterior and interior areas. 
Living organisms in particular can be easily regulated in various ways via moisture. UV radiation, how-
ever, leads to a deterioration of the surface quality, especially in visible application areas, as the wood 
components are damaged and decomposed on a molecular level. Lignin is particularly susceptible to 
this. UV-stabilizing properties of nanoparticles of some metal oxides, including zinc oxide, can provide 
a remedy. Studies on coating agents on wooden surfaces of Wrightia tinctoria based on zinc oxide 
nanoparticles (ZnO) showed a reduction in photo yellowing. This approach was taken up due to the 
promising results, ZnO nanodispersions based on propylene glycol (PG) were introduced into the mi-
croscopic structure of spruce (Picea abies) and beech (Fagus sylvatica) by means of whole-cell impreg-
nation. In this work, among other things, the effect of the nanodispersions on the stability of the optical 
appearance against UV exposure due to artificial weathering was evaluated. Furthermore, the material 
uptake of the ZnO nanodispersions was investigated and insights into the penetration of the dispersions 
into the microstructure of the wood were obtained using SEM imaging. Untreated reference samples 
show significant photo-yellowing. 1% ZnO increases the UV stability of the treated surfaces significantly. 
It was shown that the uptake of the nanodispersions is independent of the proportion of ZnO, and that 
the impregnating agents are better absorbed by spruce wood (approx. 200%) than beech wood (approx. 
70%). Already a 2% ZnO nanodispersion leads to a saturation of ZnO in the cell structure of the treated 
wood, for spruce as well as beech. The SEM investigation gave a revealing insight into the penetration 
behaviour in the microstructure of the wood. 
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ABSTRACT 

Totally natural rigid foams derived from byproducts of wood industries, like tannin-based rigid foams, 
are innovative materials made of inexpensive organic ingredients, and are produced via an acid cata-
lyzed polycondensation reaction between furfuryl alcohol and condensed flavonoids (e.g. Mimosa tan-
nin). [1,2] 
In this work we demonstrate how to produce an absorber and biosensor for detecting biological and 
chemical contamination in waste water and for environmental diagnostics down to the millimolar regime 
by Surface Enhanced Raman Spectroscopy (SERS). In our approach, tannin-based bio-foams with dif-
ferent pore sizes are functionalized with noble metals (Au and Ag) to create localized surface plasmon 
resonances (LSPR), where the electromagnetic field becomes enhanced by several magnitudes at hot 
spot areas. Furthermore, we also could show that a smaller pore size gains significantly more Raman 
signal for specific analytes. 
To evaluate the feasibility and capability of the produced substrates, different commonly used analytes 
(Rhodamine 6G, 4-MBA, Benzene-1,4-dithiol, Malachite Green and Riboflavin) have been measured by 
Raman mapping with 532 nm laser excitation wavelength. By calculating a statistical mean value and 
relative standard deviation (RSD) of all measured areas, we can state a qualitative result of analyte de-
tectability on the functionalized tannin foam. 
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ABSTRACT 

Nanoplastics (NPs) that result from degraded mulch films and other agricultural plastics released into 
agricultural fields are of concern due to their ecotoxicity to soil organisms and the potential ability to 
enter the food chain. Knowledge on the dispersion, fate, soil-NPs interaction is currently not available. 
Challenges of analyzing terrestrial NPs by conventional microscopic techniques lay in the low concen-
trations of NPs and absence of optical transparency. The overall objective is to understand agglomera-
tion dynamics between NPs and soil particulates through small-angle neutron scattering (SANS) and 
Ultra SANS (USANS). The studies employed aqueous dispersions of realistic NP surrogates derived 
from biodegradable plastic mulch films composed of polybutyrate (PBAT) rather than the idealized com-
monly used monodisperse polystyrene microspheres.  
The experiments investigated the aggregation behavior of NPs in the presence of vermiculite, an artifi-
cial soil. A neutron contrast matching technique evaluated the particle aggregation by using a deuterated 
solvent. This cutting-edge technique minimizes the scattering signal due to vermiculite by manipulating 
the solvent’s deuteration level, allowing isolation of NPs’ scattering behavior in the neutron beam. The 
contrast match point for vermiculite was found at 66% D2O / 33% H2O. The convective transport dura-
tions, carried out by ex-situ stirring of the soil-NP slurries, ranged between one day and one week in 
advance of the SANS and USANS experiments. The SANS and USANS investigations revealed that 
smaller-sized NPs (50 nm) did not self-agglomerate in water; furthermore, convection minimized the 
self-agglomeration between NPs and vermiculite. In contrast, NPs between 300-1000 nm underwent 
significant agglomeration with vermiculite, indicating enhanced adhesion to the soil.  Also, convective 
transport resulted in a particle size reduction of NPs. Samples exposed to convective transport for over 
one week showed a significant decrease in NPs size.  
However, one-day stirring time did not significantly change the NPs particle size, suggesting that NPs 
exposure time in the terrestrial environment will be essential for particle disintegration. In conclusion, 
this study proved that SANS and USANS, using contrast matching, are well-suited techniques for inves-
tigating soil-NPs interactions in complex terrestrial systems. The results of this study will contribute to a 
theoretical framework for risk assessment for fate and dynamics prediction of terrestrial dispersed NPs. 
Derived robust experimental techniques will provide more widespread testing of NPs-contaminated 
soils. 
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ABSTRACT 

Hybridization is a combination of two or more types of fibers in one matrix and it is becoming more and 
more common. Hybridization overcomes the limitations of one type of reinforcement by combining with 
another type with a better performance. This allows for a more versatile use of composites with im-
proved properties. Our research aimed to develop and characterize the polypropylene hybrid compo-
sites reinforced with basalt and glass fibers. The fillers were added in weight content of 10%, 15% and 
20%. The composites were produced by using an injection-molding machine. To measure the mechan-
ical properties of the hybrid composite a tensile test, three point flexural test and Charpy impact test 
were conducted. Furthermore, the tests were performed at various temperatures (−24 °C, 23 °C, and 
80 °C). To evaluate the state of dispersion and adhesion between the fibers and the matrix, the fractured 
sur-faces of the various samples after tensile test were observed using a scanning electron microscope. 
The results show that the production of composite with both basalt and glass fibers in polypropylene 
matrix with maleic anhydride-grafted polypropylene can be successfully achieved. The addition of two 
types of the fibers increased the tensile strength by 306% and tensile modulus by 333% for a composi-
tion with 20% by weight fibers. 
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ABSTRACT 

Curing kinetics of adhesives are a major impact factor in the production of structural timber products. 
The reactivity of the adhesive and thus also curing speed and resulting adhesive strength are affected 
by various influencing factors such as temperature and humidity. This is of major concern especially for 
engineered wood products where mechanically stable and long-lasting adhesive bonds are crucial. This 
research investigates curing kinetics of adhesives for structural applications under conditions currently 
not foreseen by relevant standards.  
A rheometer setup with wooden plates, instead of aluminum plates, was designed specifically to allow 
the interaction of adhesive and substrate and therefore imitate realistic curing conditions. Wooden plates 
from poplar, due to its low swelling and shrinking properties, were conditioned at different climates be-
fore testing. The curing behavior of melamine-urea-formaldehyde (MUF) and one-component polyure-
thane (1C PUR) was investigated at different temperatures from 0 °C to 20 °C and humidities through 
oscillating measurements. The results showed decelerated gel times and reaction rates of both adhe-
sives for lower temperatures. Gel times were substantially extended for MUF with decreasing tempera-
ture and increasing humidity. Whereas 1C PUR indicated prolonged gel times for dry specimens. These 
effects are on the account of the different curing mechanisms of the adhesives. While MUF splits off 
water in the curing reaction, 1C PUR requires a certain residual moisture. The chosen set-up with 
wooden plates proved to be suitable for measuring curing kinetics of wood adhesives due to the real 
interaction of substrate and adhesive. 
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ABSTRACT 

Wood represents a biobased material in which complexity is given from the macroscale by the organiza-
tion of year rings and porous cell types to the nanoscale by the distinct alignment of mainly cellulose, 
hemicellulose and lignin. This structural condition can be used as a template to design functionalized 
wood with the aim of adding novel properties to the inherent wood characteristics. While several macro-
scopic analyzes are available to test the developed materials, advanced nanoscopic tools to image be-
yond the diffraction limit of light are needed to visualize the full potential of (functionalized) wood. In this 
regard, atomic force microscopy (AFM) can serve as a powerful tool to investigate nanostructures of 
solid materials. A sharp tip is scanned over the surface of the sample and the movement of the tip is 
monitored to image the topography at the submicron and nanometer level (Fig. 1). This allows to pre-
cisely collect nano-features of hierarchical materials such as wood to visualize for instance distinct cell 
wall layers or the fibrous cellulose network. Next to structural analyzes, recent developments of AFM 
enabled to gather chemical and spectroscopic properties simultaneously with topographical features. In 
our research, we use various atomic force microscope-based methods to combine information on chem-
ical and structural conditions to improve the fundamental understanding of native wood surfaces and 
polymerized wood materials. On the one hand, we used chemically functionalized tips (chemical force 
microscopy) to measure adhesion forces on wood surfaces for localizing introduced polymers within the 
wood cell wall structure and to confirm the added function in chemically polymerized wood scaffolds. On 
the other hand, we applied a recently developed method, peak force infrared microscopy, to map infra-
red sensitive signals on native and specifically treaded wood cell walls with a <20 nm spatial resolution. 
The results demonstrate an effective strategy to fully characterize smart wood-based materials. 

 
Figure 1. In atomic force microscopy, a sharp tip is scanning over a wood sur-face to collect topo-

graphical and me-chanical information. By coupling an additional infrared (IR) laser source between tip 
and sample, spectroscopic information can be collected with a <20 nm spatial resolution. 
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ABSTRACT 

Switching the optical appearance of materials (e.g. from transparent to translucent/opaque or in terms 
of a color change) by applying an electrical field (electrochromic), a temperature change (thermo-
chromic) or initiating a chemical reaction are well known effects. Another way to change the optical 
transmission is by changing the amount of a gas or vapor physisorbed in a heterogeneous system such 
as a porous layer such as e.g. a particle coated transparent foil [1]. This effect corresponds to a milk 
glass pane with opaque appearance changing to fully transparent when wet. The effect in its simplest 
form is based on a contrast matching effect: when the microscopic “roughness valleys” in the milk glass 
are filled with a liquid with about the same index of refraction, the roughness and the respective light 
scattering be-comes invisible. 
A more complex variant of this effect is found in mesoporous materials such as silica aerogels or xero-
gels [2]. These monolithic open-porous materials possess almost the transparency of non-porous glass. 
However, when part of the pores present are filling with a liquid (upon condensation of a gas or vapor) 
the system turns from transparent (clear) to translucent (opaque). When completely filling the meso-
pores, again a clear transparent appearance is observed. The relative pressure (e.g. the humidity) of 
switching hereby can be controlled by the pore size of the material. 
We explain the underlying effects for the two cases mentioned, show the effects in respective video 
/image sequences and give examples for realization of the two approaches to adsorption induced optical 
switching. 

 

[1] DE 10 2015 015 877A1, Optisch schaltendes Element  
[2] Reichenauer, G., et al. (2004). "Switching silica aerogels from transparent to opaque." Journal 

of Non-Crystalline Solids 350: 364-371. 
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ABSTRACT 

Lignin is a natural phenolic macromolecule found in the cell walls of different plants. For the pulp and 
paper industry, lignin is an undesirable part of the feedstock that is mainly used for combustion. In recent 
years, research on lignin has gained more and more attention because the properties of it, for instance 
as high reactivity or antioxidant activity, make it suitable for the synthesis of biopolymers, including bio-
plastics or lightweight materials. A potential source of lignin is lignocellulosic biomass or tree bark, which 
has a very high lignin content. However, both of these raw materials are currently mainly used for ther-
mal energy production. Furthermore, the organosolv lignin from the bark of trees remains underesti-
mated and hardly investigated at present.  
In this research, the separation of lignin from Miscanthus (Miscanthus x giganteus) and Larch bark (Larix 
decidua) by different ethanol Organosolv treatments was evaluated. The lignin from Miscanthus, which 
is currently more widely studied, provided a reference for developing extraction methods and as a com-
parison to the lignin from the bark. The process was performed out with and without the presence of 
acid as catalyst. In the following step, the purification was implemented by liquid-solid extraction in or-
ganic solvents to find the most suitable fraction and increase the value of the lignin for the synthesis of 
biomaterials. The structural changes, lignin content, and different parameters such as phenolic content 
or the antioxidant activity were characterized using FT-IR and UV/VIS spectroscopy. The fractions show 
a wide range of degrees of dissolution in organic solvents. For selected solvents and dependent on the 
extraction method, the total phenolic and antioxidant activity increased significantly. Organosolv extrac-
tion dissolves up to 36% of the larch bark, although the yield of the water-insoluble lignin amounts to 
only approximately 10%. Despite the high solubility of the bark, the lignin content in the solid residue 
still shows a relatively high level according to the Klason lignin determination. Therefore, one aspect 
that could be investigated in the future to optimize lignin extraction is pre-treatment with hot water, which 
may allow the removal of water-soluble molecules such as tannins or sugars that could interfere with 
lignin extraction. Furthermore, the different parts of the lignin fraction may be used for other high added-
value products.  
Acknowledgments: The authors acknolwedge financial support provided by the European Funds for 
Reginal Development and Interreg V-A Italy-Austria ITAT1059 InCIMa4 as well as the federal state fo 
Salzburg under the grant "Holz.Aktiv" 
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ABSTRACT 

Methyltrimethoxysilane-based (MTMS, CH3SiO1.5) aerogels and xerogels can display properties, such 
as high porosity, low bulk density, high mechanical strength and good elastic recovery. However, the 
use of methyl-modified silanes as precursors, which inherently results in gels with superhydrophobic 
properties, limits the potential applications. In this work, MTMS is co-condensed with mercaptopropyltri-
methoxysilane in a two-step acid-base sol-gel process, yielding monolithic gels that are not only flexible, 
but also contain functional groups (e.g., thiols (-SH)) for further chemical reactions. These functionalized 
materials now can be used for complexation of metal ions/complexes, such as Au or others, not only for 
removing e.g. heavy metals from waste water, but also for the production of stimuli responsive materials, 
that show mechanoplasmonic behaviour. 
Sol-gel processing conditions, such as the MTMS/HS-Si-(OMe)3 ratio or the silane/surfactant ratio, have 
been systematically varied and showed to have significant effects on the network built-up, the mechan-
ical properties, porosities and surface areas of the resulting xerogels. Special emphasis was put in the 
investigation of the complete/incomplete incorporation of the functional organic group (confirmed by IR-
ATR and Raman spectroscopy) and the flexibility of the produced xerogel. Moreover, an optimized flex-
ible mercapto-modified monolithic xerogel was further employed for the coupling of gold nanoparticles 
(Au NP). Depending on the average size of the Au NP the monoliths could be used as plasmonic pres-
sure sensor that depends on the change of the refractive index, as a sensitive and reproducible SERS 
substrate for detection of probe molecules (4-mercaptobenzonic acid, adenine, and crystal violet) or as 
a catalyst for the reduction of 4-nitrophenol to 4-aminophenol. 
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ABSTRACT 

Various cell functions including growth[1], migration[2], differentiation or immune response[3,4] are in-
fluenced by mechanical deformations such as tension, compression and shear. While the accompanying 
chemi-cal factors have been a focus of research, the effects of these mechanical forces are still under-
exploit-ed terrain[5]. We use silicone rubbers as stretchable platform to investigate the influence of me-
chanical forces on different cell types. Thus, we developed a radial all-soft pneumatic stretcher[6] for 
long-term studies of vascular smooth muscle cells (VSCMs) to gain a better understanding of aortic 
aneurisms. Further, we explore T-cell activation in Jurkat cells using a custom-designed motorized me-
chanical uni-axial stretcher with a silicone-rubber cell bath. Experiments where periodic forces (tension, 
compression) are applied onto cells are performed with both stretchers. The cells response to mechan-
ical deformation is evaluated by means of fluorescence microscopy and calcium flux measurements 
(Fura-2). 
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ABSTRACT 

As tannins are plant-derived extracts, consisting mostly, but not only, of oligomeric flavonoid units, there 
exact composition variates from batch to batch. This makes it somehow difficult to define optimal syn-
thesis conditions for the production of tannin-based materials. While for most common applications, like 
leather tanning or as additive in wine and other food items, this variation in composition is not a big 
problem, the exploitation of tannin in more advanced fields is still challenging. In this study, we present 
the influence of the purity of tannins (as defined by total phenolic and flavonoid content) on the properties 
of tannin-furanic rigid foams.  
Purification of commercially available mimosa tannin extract was achieved by simple solid-liquid extrac-
tion of the powder using various organic solvents of different polarity. The soluble (phenol enriched) and 
insoluble (aliphatic enriched) fractions of methanol and acetone were used to produce tannin-furanic 
foams using the solvent evaporation approach, as it is the classical way for obtaining rigid tannin foams. 
Properties like density, water absorption, compression resistance and ability to treat waste-water were 
tested for the foams made from purified tannin extracts and compared with foams from unpurified tannin. 
It was shown, that compression resistance and pollution absorption capacity increased for the foams 
made from soluble fractions, while homogeneity seemed to suffer from the unmodified production pa-
rameters. More research in this field is required to optimize the production parameters for foams made 
with purified industrial tannin extract. 
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ABSTRACT 

Protective and decorative coatings provide the desired aesthetic properties, but their main purpose is to 
protect wood from environmental influences. As it is known wood changes in dimension because its 
moisture content varies. As a result, small cracks appear, which might expand under prolonged expo-
sure to external climatic conditions. Water permeability of finishes is an important factor in their wood 
protective function. Wide varieties of products for protection of wood surfaces require knowledge of the 
properties of coatings in order to facilitate their formation and use. This study evaluates the permeability 
of nano finish systems applied on wood surfaces. The aim of the study is to determine the efficiency of 
nano water-based coatings for the protection of wood surfaces exposed to water impacts. Water-based 
lacquer system developed by ICA S.p.A. (Italy) was applied via airless injection to wood samples of 
Larch (Larix spp.), Bright red meranti (Shorea spp.) and Canadian oak (Quercus rubra). The roughness 
and water permeability of the nano coatings were measured. The permeability of finishes in terms of 
liquid water absorption was measured according to standard EN 927. 
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ABSTRACT 

Recent research and development on bio-based wood adhesives have led to the commercialization of 
soy protein-based, formaldehyde-free adhesive systems that have been used for commercial production 
of interior composite wood products such as hardwood plywood. Wood adhesives based on plant pro-
teins are an interesting alternative to fossil-based adhesives. With the increased environmental con-
cerns and regulations, there has been a resurgence of interest in the development of biodegradable 
wood adhesives in the last two decades, especially with the emphasis on environmentally acceptable 
emissions with reduced formaldehyde. 
The objective of this project is the development of biogenic adhesive, primarily based on domestic re-
newable resources, such as plant proteins available in Europe, and applying it on plywood. The main 
problems of existing bio-based adhesives, mainly based on soy protein, are their poor water resistance 
and low solid content. Typically, bio-based adhesives have low solid contents due to viscosity con-
straints. However, low solid content is a major problem for wood substrates. The excess water gener-
ates steam in the hot press that can cause internal voids called blows when the pressing pressure is 
released. Thus, the balance between viscosity and solids content is a key issue in order to get high bond 
strength and spread easiness of the adhesive. There are several methods to improve the perfor-mance 
of soy protein-based adhesives such as cross-linking, enzymatic modification, chemical dena-turation, 
and the addition of additives. In this work wheat gluten, potato, corn, pea proteins, and soy as a refer-
ence, which represents side-products from the starch production and commercial products, were studied 
to evaluate their wood bonding performance and were tested on beech plywood. Selected raw materials, 
mainly consisting of storage proteins, but different due to their fractions content, have been hydrolyzed 
under alkaline conditions to study the influence on dry bonding performance. Potato and corn proteins 
were furthermore investigated for their ability to perform wet strength with additional cross-linkers, such 
as glyoxal and polyethyleneimine. It was found that potato protein is able to form suspen-sions with a 
higher solid content at comparably low viscosity and also perform higher wet strength than corn protein 
at acidic pH range. This study is contributing to a better understanding of the relations be-tween protein 
properties and bonding performance of alternative bio-based adhesives and the possibility of using them 
for hardwood. 
This work is part of the project “High-Performance Materials”. The state of Lower Austria is acknowl-
edged for funding this research (grant K3-F-670/003-2017). 
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ADDI-TIVES 

Elfriede M. Hogger1*, Johannes Konnerth2, Johann Moser3, Wolfgang 
Kantner3 and Hendrikus W. G. van Herwijnen1,2 

1 Wood K plus – Kompetenzzentrum Holz GmbH, Konrad Lorenz Strasse 24, 3430 Tulln, Austria, 
e.hogger@wood-kplus.at*, e.herwijnen@wood-kplus.at 

2 Department of Material Sciences and Process Engineering, Institute of Wood Technology and Re-
newable Materials, BOKU-University of Natural Resources and Applied Life Science, Konrad Lorenz 

Strasse 24, 3430 Tulln, Austria, johannes.konnerth@boku.ac.at 
3 Metadynea Austria GmbH, Hafenstraße 77, 3500 Krems, Austria, johann.moser@metadynea.com, 

wolfgang.kantner@metadynea.com  

* Corresponding author:  

Keywords: condensation resins, wheat extenders, plywood, renewable additives 

ABSTRACT 

Plywood is one of the most ancient wood-based materials and can be used in a wide range of applica-
tions due to its good mechanical properties. The use indoors or outdoors is determined, among other 
aspects, by the choice of adhesive systems. Mainly, a urea-formaldehyde (UF) resin is chosen for inte-
rior plywood applications and a phenol formaldehyde (PF) resin for exterior applications. Both adhesive 
systems are formaldehyde-based and have some disadvantages in addition to their many advantages. 
These disadvantages can and are modified by the addition of additives to the resin batch. For example, 
additives are added for a variety of reasons, such as to prevent resin form penetrating the wood surface, 
to extend the open time, to improve the cold tack, to adjust the batch viscosity or to reduce costs. They 
can also have a positive effect on the adhesive in the polymerized state, e.g. improve processability, 
achieve joint-filling properties, soften the adhesive bond or increase the adhesive strength. Additives 
can be divided into two main categories: extenders and fillers. Among the most commonly used extend-
ers is wheat flour. However, the application is largely based on experience. A systematic evaluation of 
this bio-based, renewable extender and a separate investigation of its main components protein and 
starch and their influence on condensation resins UF and PF in the uncured state and on the curing 
behaviour as well as on the application of the performance of these resin blends to plywood boards has 
been missing so far. In this work, our objective was to add wheat flour and its main components protein 
and starch to UF and PF resins at various amounts up to 100 % based on the solid content of the res-
ins, thereby replacing half of the fossil fuel-based, non-renewable raw materials by bio-based renewable 
ones. The effect of the extenders on the sedimentation behaviour, viscosity, buffering capacity, pH val-
ues, bond strength development and wet strength performance of plywood panels for indoor and outdoor 
use was investigated. In both resin systems, the wheat protein showed the strongest influence on vis-
cosity. As the amount of protein added increased, the viscosity also increased significantly, which then 
resulted in a limitation of the amount added to 30 %. Despite the demonstrated buffering behaviour of 
the protein, no influence of it on the curing behaviour of the UF and PF resins was detected. The wet 
tensile shear strength values of the plywood panels produced showed that it was possible to replace up 
to 50 % UF with each of the bio-based extenders used and still meet the requirements of EN 314-2 
(1997). PF-bonded plywood panels achieved the required wet tensile shear strength values according 
to the standard with a replacement of more than 20 % of the fossil-based, non-renewable raw material 
by adding wheat protein.  
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ABSTRACT 

In the production of furniture with panel materials such as particleboard, MDF, plywood etc., it is neces-
sary to be lined with the appropriate overlay material (veneer, foil, laminate). As it’s known, the adhesion 
strength is a key indicator for determining the quality of the lining. The technological regime in the pro-
duction of curved furniture elements (arches, doors, drawers, etc.) by gluing thin furniture boards, it is 
extremely important, for the non-defective bending and the dimensional stability of the details. The pur-
pose of the study is to determine the influence of the type of the adhesive on the dimensional stability 
of curved furniture panels boards. The test bodies with a radius of curvature of 100 mm were made by 
the help of vacuum membrane press using HDF lamellas with dimensions 260/100/2.8 mm. For the 
gluing, three types of adhesives suitable for vacuum membrane presses, were used - Jowacoll 103.05 
polyvi-nylacetate dispersion, Jovapur 150.50 polyurethane dispersion and SOUDAL 66A polyurethane 
adhesive for wood. The test samples were glued with a vacuum membrane press with a maximum 
vacuum of - 0.08 MPa and a pressing time of 30 minutes. The dimensional stability was determined by 
measuring the radius of curvature, before and after the free stay of 24 hours. In addition, the adhesion 
strength between the lined material (the veneer) and the substrate was determined. The obtained results 
were are analyzed and presented graphically. 
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ABSTRACT 

The functionalization of wood and wood-based substrates with smart or intelligent surfaces is a prerequi-
site for using them in the smart home sector. So far, an integration of electrically conductive layers and 
structures is carried out by laminating wood with printed electronics on paper or a polymer material. In 
this study, an alternative technology was used to generate conductivity layers on the substrates. Exper-
iments were performed using the PVD (physical vapour deposition) technology for the deposition of thin 
metal layers on wood, wood-based materials and paper substrates. PVD process technologies are wide-
ly used in the different application areas of thin film deposition. It is an essential element to achieve good 
film adhesion, high film density, high hardness, desired mechanical stress and low surface rough-ness, 
beside other film and surface properties. These processes use in most cases plasma and ion enhance-
ment to control and optimise the deposition process to improve the properties of the obtained films 
(Bunshah 1994, Mattox 1998, Pulker 1999, Strauss et al. 2003, Strauss et al. 2008). 
In this study, it was evaluated if PVD processes are applicable for the deposition of thin, metal layers on 
wood and wood-based materials. The aim of the study was therefore to generate a conductivity layer 
on the substrates with focus on the integration of electronic features, like heating, sensors, conducting 
paths, etc. in wood-based furniture components. Using the magnetron sputtering process, molybdenum, 
tungsten, copper and titanium layers of about 200 to 300 nanometres were deposited on ash and larch 
wood, medium density fibreboards, kraft and cellulose fibre papers. 
Unfortunately, two problems occurred in terms of the PVD-deposition of metal films on solid wood and 
fibreboard samples: Due to the superior release of moisture and the outgassing of wood constituents, 
either no high vacuum could be built for starting the sputtering process at all or the diffusion of oxygen 
molecules from the wood led to a strongly oxidic process. In contrast, prosperous results were achieved 
for the deposition of thin metal films on kraft and cellulose fibre papers. Due to the small thickness of 
the samples and thus low release of moisture, the sputter process runs stable and pure metal films were 
deposited. The metallic coated paper substrates were characterized in surface energy, surface rough-
ness and electrical resistance measurements. Distinguished results were achieved for conductivity. In 
resistive tests, the electrical resistance decreases from high values of the uncoated substrates of 4*1011 
Ohm to a significantly lower level (factor 106 to 1010 for tungsten layers and factor 109 for copper 
layers). Furthermore, the high conductivity of the deposited layers enables their application in a switch-
ing circuit and led finally to the manufacture of an interactive laminate board for the demonstration of 
touch and capacitive proximity switching functions using a microcontroller board.  
Current experiments imply the deposition of different metals, alloys and metal oxides and the generation 
of multifunctional layers to establish the potential for new, innovative applications for wood and wood-
based materials, such as electrically conductive, capacitive and thermoelectric functionalization. 
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ABSTRACT 

Without damping systems daily life would be literally and actually hard. Dampers provide safety by con- 
trol of unwanted motion, due to conversion of mechanical work into another form of energy (e.g., heat). 
State of the art materials are elastomers including thermoplastic-elastomers, like natural rubber, butyl- 
rubber, poly(urethane) (PU). They are categorized into two groups: (i) vibration isolation materials, and 
(ii) vibration damping materials. Vibration isolation systems store the energy within the material, in con- 
trary, vibration damping materials convert the energy into heat. Furthermore, the motion damping mech- 
anism can be separated into active, passive, as well as in a combination of both. Active damping can 
be achieved by a multi-material composition with properties adjustable by a physical field (e.g., mag- 
netic, electric, thermal, etc.). Magnetically polarizable particle filled elastomers, so called magnetorheo- 
logical elastomers (fluids), are currently the material of choice when damping elements are designed for 
structural applications (e.g., suspension of sports cars). However, material data of the physical field 
dependent material properties are usually not easily available and, thus, it is an active field of research 
to gain deep insights of the interplay of the inherent viscoelasticity, the particle filler and the physical 
field. In contrast, passive damping is a respond of the material due to a disturbance in the system de- 
pending on the material composition and it is not adjustable (in a wide range) during application. To gain 
deep insights, the objective of this work was to compare the damping behaviour of different elastomeric 
materials including thermoplastic poly(urethane) (TPU), silicone rubbers and elastomer blends (mixture 
of different poly(dimethylsiloxane) (PDMS)). For this comparative research, first, the investigated mate- 
rials were characterized and material parameters were determined for hyperelastic constitutive models 
with inherent viscoelasticity (loading rate and temperature). In the following, a numerical simulation 
based on a finite element method (FEM) of a ball-drop test was performed. To validate this simulation 
and, consequently, the determined material parameters of the constitutive model, the rebound resilience 
was measured experimentally. For demonstration purposes in a structural application, various damping 
elements were designed. To visualize the damping performance a remote-controlled racing car was 
dismantled and new designed with two changeable damper holders. The results revealed that the ma- 
terial parameter determination methodology is reliable and the data applied for simulation lead to real- 
istic predictions. Interestingly, the rebound resilience of the mixture of soft and hard PDMS (40:60)w% 
is the highest and the lowest values were measured for TPU. The designed and produced dampers 
revealed a high structural influence, which has to be studied in future. 
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ABSTRACT 

Aerogels are an advanced class of material that gathers outstanding properties in a single system. Usu-
ally, aerogels present high surface areas thanks to their ex-tremely high porosity up to 99%, accompa-
nied by very low densities, among other interesting properties. Because of such features, aerogels finds 
applications in wide-spread fields like thermal insulation, photocatalysis, drug delivery systems, and 
more recently in sensing technologies. Regarding the piezoelectric materials applied in wearable sen-
sors, the polymer polyvinylidene fluoride (PVDF) is an excellent candi-date due to its intrinsic electroac-
tive properties linked to the polar β, and γ crystalline phases. Within this context, it is of high interest 
among the research community of crossing the incredible properties of both aerogel and PVDF to pre-
pare aerogels with electroactive properties. However, the available research on PVDF aerogels is still 
limited and therefore, the optimization on the synthetic protocols to obtain the desired polar phases are 
far to be understand. 
In this research work, a systematic study to synthesize PVDF aerogels was performed. The findings 
revealed that the solvent mixture plays a critical role in the gelation of the polymer solution along with 
the final crystalline phase composition of the thus obtained aerogels. In addition, the effect of the syn-
thetic protocol in the mor-phology, and textural properties were evaluated. 
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ABSTRACT 

In this work, polyaniline (PANI)/graphitic carbon nitride (g-C3N4) (PANI-CX) nanocomposite (X = 0, 10, 
20 and 30 wt% loading of g-C3N4) was prepared using one-step solid-state synthesis method. The influ-
ence of g-C3N4 loading on the morphology, electrical, thermal properties of PANI was methodically in-
vestigated using various characterization techniques. The nanocomposite was explored for the first time 
as a high-performance pressure and temperature sensor. The results showed a strong interaction be-
tween PANI and g-C3N4, which improved the thermal stability and sensing performance without affecting 
PANI’s electrical conductivity. PANI/ g-C3N4 nanocomposite was coated onto a highly porous cellulose 
paper by spray coating technique. PANI-C20 nanocomposite coated paper displayed excellent piezore-
sistive response with the highest sensitivity of 6.6 kΩ. N-1 and showed a distinct response upon the 
application of pressure through human locomotion and standard linear motor kit. On the other hand, 
paper-based temperature sensor showed an excellent sensitivity in the range of 10-90 °C. The sensor 
was attached onto the human skin to monitor the body temperature. The sensor was sensitive enough 
to measure the body temperature accurately. The resistivity of the sensor decreased upon increasing 
the temperature specifies the negative temperature coefficient of resistance. High flexibility, quick re-
sponse and recovery, negligible drift, durable and lightweight characteristics of the sensor makes it 
promising material for wearable devices. 
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ABSTRACT 

According to the EU definition (Recommendation on the definition of a nanomaterial (2011/696/EU)): a 
nanomaterial is a  natural, incidental or manufactured material containing particles, in an unbound state 
or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number 
size distribution, one or more external dimensions is in the size range 1 nm - 100 nm. In specific cases 
and where warranted by concerns for the environment, health, safety or competitiveness the number 
size distribution threshold of 50 % may be replaced by a threshold between 1 and 50 %. By derogation 
from the above, fullerenes, graphene flakes and single wall carbon nanotubes with one or more external 
di-mensions below 1 nm should be considered as nanomaterials [1]. Till the 3rd regulatory review on 
na-nomaterials is not launched, the last update of the Recommendation dates back to 2016. 
The National Nanotechnology Initiative (NNI) in the United States defines Nanotechnology as “a science, 
engineering, and technology conducted at the nanoscale (1 to 100 nm), where unique phenomena en-
able novel applications in a wide range of fields, from chemistry, physics and biology, to medicine, en-
gineer-ing and electronics” [2]. A nanoparticle (NP) of a certain material can behave much differently 
than a larger, more familiar-sized particle of the same material. Although in the REACH database, na-
nomateri-als are treated as any other chemicals, the size of a nanomaterial is crucial from the point of 
view of its behavior and effect. Early research shows that materials that enter the body as nano-sized 
particles may have harmful health effects, even for some materials previously considered safe at larger 
sizes. Different nanoforms of the same chemical substance can have different properties. Once pene-
trated into the human body, they may be transported via lymphatic and circulatory systems to various 
parts and organs. [3].Nanoparticles can enter the body through many routes including inhalation, swal-
lowing, in-gestion, and absorption through the skin. In 2010 the US National Institute of Occupational 
Safety and Health made public, that breathing nanoparticles may result in damaging health effects. A 
research con-ducted on mice showed, that inhalation of single walled carbon nanotubes caused strong 
inflammation swelling, scarring, and genetic mutations to cells in the lungs of mice, early indications of 
serious health outcomes that may have longer term effects such as cancer. Nanotechnology may pre-
sent health risks but it can also be used to protect workers. New respirator designs, for instance, use 
nanotechnology to create more effective filters to block harmful substances [4]. In 2009 EMPA following 
a medical study conducted by Dr. Wick in collaboration with Zurich’s University Hospital reported, that 
the fluorescent polystyrene nanoparticles ranging from 50 -200 nm crossed the placental barrier of the 
mother and en-tered the fetal circulation. This fact can be regarded as being a vehicle to transport 
medicines in a tar-geted manner but also draws attention that an organ, which is a natural filter in the 
human body is not able to filter out nanoparticles of this size.  
In the workplace, the main pathway to NP exposure was supposed inhalation [5]. Exposure by dermal 
penetration has not been studied much, partly because of the widely held belief that skin offers an im-
permeable barrier to NPs [6]. A growing number of studies pointed out the possible percutaneous ab-
sorption of NPs, such as in the case of skin damaged by abrasion [7], repeated flexion [8] or even 
through intact skin [9]. Pores, hair follicles and sweat glands may also play a role in facilitating absorp-
tion of NPs through the skin [10]. The nanoparticles are then carried throughout the body by the lym-
phatic circulatory system [11]. Induced direct toxic effects have also were reported for epidermal 
keratinocyte cells exposed to carbon nanotubes and other types of NPs [12]. 
In 2013 IRSST (Research Institute in Quebec) developed a method for measuring nanoparticle penetra-
tion through protective glove materials under conditions simulating workplace use as many earlier stud-
ies reported non-null values for the diffusion coefficient for commercial gloves made of nitrile, latex, 
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neoprene and vinyl exposed to an aerosol of 30 and 80 nm graphite NPs in a system with no air flow, 
prompting the authors to suggest double-gloving (Golanski et al., 2008). Goede et al. proposes as a 
precautionary measure, that only thick gloves (e.g. 0.11– 0.15 mm in the case of nitrile) to be used when 
working with nanomaterials [13]. 
The main advantage of applying nanotechnology to wood is the unique ability of the nano compounds 
to penetrate deeply in wood substrate. Complete penetration and uniform distribution can be achieved, 
if the size of the nanoparticles will be smaller than the diameter of the wood pits [14]. Studies on the ap-
plication of nanotechnology in wood science are focused on: dimensional stability and resistance to 
attack by microorganisms [14], reducing the thickness swelling of wood based [15], reducing biodeterio-
ration [16], functional wood coating products [17] like self-sterilizing surfaces, self-healing surfaces [18], 
electronic lignocellulosic devices [19], wood preservatives [20], [21],[22],[23], fire retardancy [24], UV 
radiation filtering/ UV absorption [25]. Currently, nanomaterials are applied to wood and are performed 
with three different and distinctive ways: the direct impregnation of nanosized materials in to wood (na-
nosized metals), (2) with controlled release of nanomaterials embedded in a nanocarrier (polymeric 
nanocarriers), and (3) coating treatments. 
Whilst the global market for nanomaterials had been estimated at 11 million tons per year, with a market 
value of Euro €20bn and continues to increase with around 300,000-400,000 people directly employed 
in the nanotechnology sector as of a 2014 estimate of the  European Commission,- , there are still scien-
tific uncertainties about the safety of nanomaterials in many aspects. The “Environment” site of the 
European Commission’s webpage regards nanomaterials having the potential to improve the quality of 
life and to contribute to industrial competitiveness in Europe. However, points out that the new nano 
materials may also pose risks to the environment and raise health and safety concerns. These risks, 
and to what extent they can be tackled by the existing risk assessment measures in the EU, have been 
the subject of several opinions of the Scientific Committee on Emerging and Newly Identified Health 
Risks (SCENIHR). The overall conclusion is that, even though nanomaterials are not per se dangerous, 
there still is scientific uncertainty about the safety of nanomaterials in many aspects and therefore the 
safety assessment of the substances must be done on a case-by-case basis. 
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ABSTRACT 

The specific surface area is a key parameter describing porous materials as well as nanoparticular sys-
tems for applications in energy storage, catalysis or gas and vapor adsorption. The current standard 
method for determining the specific surface area is based on an analysis of physisorption data (e.g. N2 
at 77K and Ar at 87K-adsorption) by the Brunauer Emmet and Teller (BET) theory. However, often this 
analysis is a bottleneck in high throughput materials development projects unless multiple instruments 
are available to allow analysis of samples in parallel. For quality control, the individual analysis time is 
the relevant factor, as fast feedback is required to adjust process parameter in the production when 
necessary. However, even optimized physisorption characterization takes hours rather than minutes; 
this is because this technique demands proper degassing of the sample before analysis. 
Small angle X-ray scattering (SAXS) has been known for a long time to be a technique that allows 
measuring specific surface areas. While this method is established for purely mesoporous systems, a 
more general approach suitable also for macrostructure materials was only applied by a small number 
of researcher. The latter requires absolute calibration of the scattering intensity, a technique that so far 
is not integrated as a common standard in lab scale instruments. Moreover, no systematic study was 
available so far to support the reliability of the specific surface area determined by SAXS. Very recently, 
a profound study compared specific surface area of meso-/macroporos silica model systems obtained 
from physical adsorption with surface area values obtained from SAXS thus allowing to obtain bench-
mark surface area values. The study revealed that 

- the analysis can be performed much faster with SAXS than adsorption, mainly due to the fact 
that degassing is not necessary even in case of hydrophilic silica 

- for hydrophilic silica, SAXS provides specific surface areas that are in line with Ar-adsorption 
while N2-adsorption is confirmed to overestimate the true surface area by 20 -30 % , reflecting 
an uncer-tainty in the effective orientation (and cross-sectional area) of the adsorbed N2 mole-
cule due to specific quadrupole interactions with polar surface functionality (e.g. hydroxyl 
groups). 

Furthermore, SAXS is a tool suitable for small amounts of sample (mm3) that is furthermore superior to 
adsorption analysis in case of materials showing in-situ deformation (e.g. aerogels) or absorption of the 
analysis gas (e.g. organic materials). Besides silica-based materials, the SAXS-method was also suc-
cessfully tested and validated with adsorption analysis for cement powders, confirming its applicability 
beyond well-defined silica nanoparticles. 
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ABSTRACT 

This practice-led research lies at the intersection of design, craft, materials science, and biol-ogy. It is 
informed by the responsive mechanism of plants’ biological actuators and Nature's out-standing capacity 
to attain maximum performances while using minimum resources. Moreover, this thesis explores how 
to achieve a higher level of integration between the generation of form and be-havior in terms of its 
materialization and fabrication. 
Inspired by plants’ biological actuators, which allow them to sense and adapt according to different 
environmental stimuli, this research proposes endowing a conventional laminar elastic mate-rial with 
unconventional behavior. It explores, develops, and fabricates a range of cellular structures (and in 
particular auxetics) capable of morphing out of the plane shape, thereby displaying a distinc-tive behav-
ior in response to a design pattern (spatial cell arrangement) and an actuating force. 
The final design is a material/geometry-based actuator with reversible behavior. It is an active ma-terial 
with an integrated tunable and responsive capacity that enables it to sense, adapt and respond to ex-
ternal stimuli within the structure of the material. 

1. Introduction 

Plants possess biological actuators allowing them to sense, react, and adapt to environmental stim-
uli. These advanced embedded systems which can be either active or passive; create a vast array of 
reversible motion and shape changes that have caught the attention of researchers from different fields 
because they have the potential to transfer mechanical shape morphing principles to human-made ma-
terials and systems (Menges et al. 2012, Lienhard et al. 2011, Dosu Architecture 2019). "Plants are 
morphing structures in the purest sense of the term. The continuity of material is key to the existence of 
a living entity and to the coherent movement of autonomous structures" (Charpentier et al. 2017).  

Passive systems maintain the ability to sense and act even if they are biologically dead. Accord-ing 
to Burgert and Fratzl (2009) "Passive systems are mainly based on already dead tissues that are de-
signed to undergo predetermined changes upon changes in environmental conditions. These sys-tems 
do not require further control or energy supply by the organism once their growth is completed, which 
makes them quite interesting for biomimetic transfer". Thus, plants with these systems do not need to 
perform any metabolic processes because their actuation properties are morphologically embedded 
within the structure of the material.  

A relevant biological example motivating this research is the actuator of the ice plant's (Delosper-
ma nakurense) seed capsule. Drawing inspiration from the actuation system of the ice plant's cellular 
structure and combining it with the kinematic amplification mechanisms of auxetic structures, this re-
search aims to design and fabricate a range of novel bio-inspired soft actuators featuring out of plane 
transformation.  

The passive actuation mechanism of the ice plant's (Delosperma nakurense) seed capsule, actu-
ates by direct contact to liquid water, opening its leaflets upon wetting to release the seeds. The ice 
plant leaflets are lined by specialized tissues (Hygroscopic keel), which show a honeycomb-like cellu-
lar structure at the microscopic scale (Fig.1).  The hollow parts (lumen) of this anisotropic structure are 
filled with highly swellable material that forces the diamond-shaped cells to expand in a preferred direc-
tion upon water absorption. At the macroscopic scale, such unidirectional expansion causes the unfold-
ing of the leaflets, whereby the keels and passive backing layer of the leaflet serve as a hinge and allow 
for large rotations (Guiducci et al. 2014). 
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Figure 1. Diagram of the hydro-sensitive mechanism of the ice plant. C. axial section of the hygro-
scopic keel, D. cross section, representation of the expansion of the cell structure, E and F opening 

and closing. Adapted from:(Razghandi et al. 2014) 

Among the different types of plant-inspired systems, pressurized cellular structures are the most 
studied because of their potentials in morphing […] They typically consist of a network of artificial 'cells' 
with optimized geometry and elastic properties; when some of these cells are pressurized and expanded 
(e.g., via external pumping), the overall structure will exhibit prescribed shape changes and actuation 
(Li et al. 2016). 

By emulating Nature’s ability to structure matter through morphological strategies, designer active 
matter can also strive to use the minimum amount of resources for maximal performance. The use of 
geometric complexity to replace chemical variety, stands out as one of the main strategies through which 
conventional materials can be endowed with unconventional behaviors, with embedded func-tionality to 
sense and act upon different stimuli. 

2. AUXETIC MATERIALS 

Auxetics are a class of metamaterials characterized by having a negative Poisson's ratio (NPR).  
Poisson's ratio ranges between -1.0 and + 0.5 for isotropic materials, which means that they respond 
the same in every direction upon mechanical loading, regardless of the direction of the load. When a 
conventional material is stretched, they contract transversely to the direction of the force, becoming 
thinner in their cross-section, and bulge under compression, a typical example of this is rubber. Auxe-
tics, on the other hand, when stretched, expands along the transverse direction to the applied force, 
behaving oppositely to conventional materials, under both extension and compression, hence having 
negative Poisson's ratio. (Fig. 2). 

 

Figure 2. Re-entrant honeycomb structure negative Poisson modulus = auxetic (B) honeycomb struc-
ture Positive Poisson modulus (c) -in both cases behavior under tensile force 

The design and fabrication of auxetic structures can exhibit a wide range of applications and can be 
manufactured in different scale lengths and base materials. These types of materials hold great potential 
to design and tailor unconventional properties and behaviors with the use of geometry as the leading 
resource. 

3. DESIGN AND FABRICATION OF MORPHO-ACTIVE MATERIALS 
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As has already been expanded on to some extent, plants’ biological actuators show a high bio-
mimetic transfer potential. This potential can be used to create human-made responsive materials, giv-
ing rise to unprecedented possibilities for the design and fabrication of novel materials that inter-act with 
their environment. 

In the last two decades, there has been a surge and expansion of digital manufacturing methods; 
They have not only advanced, but they have also become democratized. This increase has had an 
impact on designers by allowing direct participation in manufacturing processes that lead to the emer-
gence of a new "material praxis" in design (Oxman 2015). Today we can see an increase in new mate-
rials whose properties and behaviors can be designed be designed at the meso-scale structure. 

"The crucial role of mesoscopic structure distinguishes 'design materials' from more traditional dis-
ciplines such as materials science and chemistry, which focuses on the smallest scales to manipu-late 
the order of building blocks, such as atoms and molecules "(Reis et al. 2015, p.25-26). 

In the sections below, digital fabrication methods and craft-making have been used as an experi-
mental research activity of making and thinking. The models manufactured for this research were car-
ried out in laser cutting, using 3 mm thick foamy (EVA rubber) as the base material. It was decided to 
use this material and technology, since they are highly accessible, this allowed many tests to be car-
ried out in short periods of time. 

4. Results  

The development of the project results in the design and manufacture of a material that is based on 
both the actuators of the ice plant and the kinematic amplification mechanisms of the auxetic structures. 
A range of bio-inspired materials that change shape, transforming out of plane in response to an applied 
force, creating an active and sensitive material through morphology. 

These simple prototypes (Fig.6) function as mechanical models of an actuation system that is mor-
phologically embedded in the spatial arrangement of auxetic cells, which are characterized by having a 
counterintuitive expansion behavior when subjected to a traction force. Conceptually, these prototypes 
are close to what is observed in the hygroscopic keel of the ice plant _ which is the ex-pansion of its 
cellular structures that creates movement and transformation. 

Mechanical/geometric/elastic instability is generally associated with failure of materials or structural 
collapse at different length scales; some examples are buckling of structures, crushing of cellular solids, 
wrinkling and crazing, void growth, fracture, and collapse. (Kochmann and Bertoldi 2017). En-gineering 
studies and applications have, for long, aimed to prevent this structural and material behav-ior. never-
theless, in the last past decades, a paradigm shift has occurred, one towards designing, harnessing, 
controlling, and taking advantage of instabilities instead of avoiding them. 

In the following section, the aim is to address how the geometrical parameters can influence buck-
ling and bending of the struts and hence create out of plane behavior. 

4.1. Unit Cell 

One of the most studied examples of auxetic geometry is the re-entrant honeycomb cell Intro-duced 
by Evans (Evans 2000). In this research, this geometry is used to develop different organiza-tions. The 
reason to explore this type of structure it is because of its high deformation capacity and geometrical 
simplicity. The deformation of this structure is mainly achieved by the bending of the re-entrant struts 
and the axial compression of the horizontal struts. 

For this cell structures, there are four parameters (Fig. 3): The length of the horizontal struts H, The 
length of the re-entrant struts L, the re-entrant angle θ, and the thickness of the strut cross-section T - 
T1. (Left side of the figure) 

 
Figure 3. Re-entrant honeycomb auxetic cell. Illustration of geometric parameters. 
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4.2. Study of Movement, freedom and constraints 

To carry out preliminary movement studies, reentrant structure units with an additional restrictive 
element were manufactured using (as a metaphor) the Maxwell stability criterion, see: (Bathe et al. 
2019). This allowed visualizing different degrees of stiffness and movement when subjecting the struc-
tures to a tensile force. (Fig.5). 

In the stiff constrained structures (Fig. 5), it is observed that the strut aligned with the load direc-tion 
(Fig. 5 C) and the cross struts/beams (Fig. 5 D) create the same perceivable effect. Hence in further 
experimentations to create a stiff constrained cell we used the aligned strut/beam instead of a cross 
strut/beam to use less material while achieving the same result 

 
Figure 4. Re-entrant honeycomb auxetic cell. Illustration of geometric parameters. 

4.3. Simple Organizations 

The aim of this experiment was to visualize how an actuated cell impacts its neighbor. Changing the 
location of the actuation points in the structure was also done to achieve various movements in a single 
organization. (Fig. 5 B3 and B4). 

The transfer of motion on these structures is achieved without using any traditional hinges, in this 
case, the relationship between the base material and geometry creates flexure hinges that are benda-
ble and rotate, creating a compliant mechanism. 

Through the design and spatial arrangement of these elastic beam elements under tensile force, 
they not only bend but also buckle. Generally, this happens under compression, and in some cases 
such as this one (Fig. 5 B 1-5), geometric instabilities occur under tension enabling large defor-mations. 
This is the case of the transversal beam element that is under compression when the cell is put under 
tension. 

With the study shown above, it can be intuitively observed how a small local change in geometry 
and/or in spatial arrangement can lead to a large change in transformation both planar and out of the 
plane. 

 
Figure 5. Re-entrant honeycomb auxetic cell. Illustration of geometric parameters 

In Fig. 6 it can be seen that, by placing the cross-beam line against a surface, the strip B4 of Fig. 5 
creates an almost total out-of-plane transformation. The strip developed in this research is trans-formed 
through the combination of the shape and the use of geometric instabilities (buckling). 
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Figure 6. Re-entrant honeycomb auxetic cell. Illustration of geometric parameters 

4.4. Domes and compliant mechanism 

Each organization is its own structure with a distinctive behavior, derived not just the sum of the 
parts but through a thoughtful spatial arrangement. In the combination of a constrained region and a 
flexible one, more complex structures can be created in order to harness the geometric instabilities to 
achieve the desired out of the plane transformation. Input from all the previous explorations allowed the 

 
Figure 7. Design of complex behaviors from simple geometric constraints that create material instabili-

ties 

Input from all the previous explorations allowed the understanding of how material and geometry 
arrangement can impact the way a given sample transforms both local and globally.  This input in-formed 
how to create cells with targeted out-of-plane deformation (active region) and in-plane defor-mation 
(passive, constrained region). 

The aim of this research is to combine them and come up with structures that show more complex 
behavior. 

While in the ice plant cellular structures, the hydro absorbent material swells and as result the cells 
expands opening the leaves, in the "models" (Fig.9) a pulling force expands the auxetic cells, and due 
to the specific spatial arrangement, the movement (bending and/or buckling) is created, that forces the 
whole structure to transform out of the plane, turning the 2d structures into 3d spatial sur-faces and or 
an opening-closing mechanism. 

 
Figure 8. Design of complex behaviors from simple geometric constraints that create material instabili-

ties 

4.5. Gripper 
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This last model demonstrates how a specific response can be embedded, designing the geometry 
and spatial arrangement of a structure and thus creating advanced functionalities. This new functional-
ity was realized by using the same structure as the one shown in Fig. 9 (below). By joining assigning 
two trigger points and pulling from the middle, you get a more complex global transformation as shown 
below. In Fig. 10 it can be seen how this laminar material, when subjected to a tension force, changes 
its global morphology and is capable of grasping, containing and lifting a ping-pong ball. This new be-
havior immediately motivates the possible applications in the field of soft robotics. (Soft robotics) 

 
Figure 9. Gripper # 1: picking up a ping-pong ball 

With the insight gained in the previous example, one of the simplest units (Fig.5 B2) was also mod-
ified by joining the actuation points with a line of tape (Fig.10 left) to be able to pull all of them simulta-
neously. As can be seen in Fig 10 and 11, the structures transform out of the plane and also create a 
gripping motion. 

 
Figure 10. Left. minimal unit for a gripper with line block across the actuation point. Right: Gripper 2 

picking up a 15 mm diameter foam ball 
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Figure 11. Material exploration - Rubber cast structure for gripper#2 

5. Conclusion 

One of the main challenges was to create an interpretation and an abstraction that made it possi-
ble to break down the complex natural mechanism that is observed on the hygroscopic keel of the ice 
plant into simpler ideas. —Making it possible to be transferred to the design domain for the creation of 
an applied model that accounts for that passive system. 

The other challenge was to determine a simple and accessible way to fabricate complex shape 
morphing structures from planar materials. Auxetics mechanical metamaterials, by allowing to change 
the in-plane behavior of single cells and by combining them in several ways as it has been shown al-
lowed us to explore out of plane morphing by embedding it in the base material.  

I think the most exciting aspect of this research is proposing the use of geometry as a way to pre-
scribe or program the behavior of a material. It has been demonstrated how adding a geometric "block-
ing" to individual cells can influence the mechanical response of the whole structure.  In the material 
designed in this research, there are no discrete parts or mechanisms to achieve movement and trans-
formation; instead, there are active and constrained regions in a flexible sheet, that when subjected to 
uniaxial tension, buckles, and bends to form 3 dimensional structures and out-of-plane movement.  This 
three-dimensional morphing behavior immediately prompted to some applications in the field of soft 
robotics, and a potential new strategy for geometrically-based actuating soft grip-pers.  

The hands-on explorations proved to be a fundamental part of the process. It is only with that type 
of explorations that I was able to reach an understanding of the functionality of the structures and how 
they can be used. Through this interdisciplinary research, it was possible to weave concepts from biol-
ogy, material science, and engineer from a designer perspective.  

This approach on material design and fabrication promotes craft-based approaches to scientific re-
search, using digital and hands-on production towards creating new "active materials."  

Total integration is achieved, form, material, and behavior all in one. This research is the current it-
eration of this research and has opened a plethora of possibilities for future exploration. 
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ABSTRACT 

The surfaces of wooden structures and elements used outdoors need to be protected from the harmful 
effects of the environment, so thus to achieve reduced water and UV absorption, increased durability 
and fire resistance, and improved mechanical properties. Modern nano-based coatings are particularly 
effective for this purpose. The larger surface area of the nanoparticles increases their chemical activity, 
and the nanosize improves their uniformity of penetration into the porous and grains of the wood struc-
ture. In this regard, the purpose of this article is to measure the adhesion strength of a multilayer heter-
ogeneous exterior nanocoating applied on different types of wood surfaces and to determine the influ-
ence of the factor "number of applied layers" on the adhesion strength. Water-based lacquer system 
developed by ICA S.p.A. (Italy) was applied by airless injection to test specimens of Larch (Larix spp.), 
Bright red meranti (Shorea spp.) and Canadian oak (Quercus rubra). The conclusions made express 
the influence of the number of applied layers and the structure of the wood on the adhesion strength of 
the obtained coatings. 

1. Introduction 

Wood products under variable conditions show low durability and insufficient stability of shape and 
size (Papadopoulos et al. 2019). The reasons for this are the composition and capillary-porous, fibrous 
structure of the natural polymer. 

 So actual at the moment nanomaterials for wood protection effectively penetrate into it, changing 
the behavior of its surface and improving its properties (Teng et al. 2018, Papadopoulos and Taghi-yari. 
2019). The nanostructures contained in the nanocoatings mainly affect their function properties. Nano-
particles have at least one size in the nano scale. Their large common surface makes them chemically 
very active, with improved physical, chemical, mechanical, optical and magnetic properties (Mathia-
zhagan and Joseph. 2011). The addition of nanoparticles in the polymer coatings is realized by including 
pre-synthesized nano-based additives with specific properties or by applying in-situ synthe-sis methods 
(Mishra et al.2018). 

Ions of chemical elements and compounds (Ag, AgNPs, CuO, ZnO, ZnB, TiO2), nanoacrylates, na-
nosilicates, nanoclays (layered aluminosilicates), nanostructured carbon materials (nanotubes and gra-
phene) are used as additives (IVAM UvA BV. 2012, Soltani et al.2013, Mishra et al.2018, Teng et al. 
2018, Papadopoulos et al. 2019). The inorganic particles can be dispersed or incorporated into the 
organic polymers, depending on the function of the coating. (Ghang et al. 2015, Shah et al. 2017, Mishra 
et al. 2018, Papadopoulos and Taghiyari 2019). In most cases, the influence of nanofillers on the prop-
erties of the obtained film is complex (Sow et al. 2010, Xing et al. 2018, Papadopoulos et al. 2019). 

Coatings are usually multilayer systems, each layer having а specific function. Anticorrosive prop-
erties and properties that limit the swelling of wood grains are characteristic of primers, as such prop-
erties are needed at the boundary coating - base. In fire-retardant and UV-resistant coatings, the spe-
cific properties are manifested inside the coatings, and in antibacterial, hydrophobic, self-cleaning and 
UV-resistant coatings - on their border with the environment (Mathiazhagan and Joseph. 2011). In order 
for the coating to perform its protective-decorative and specific functions, the interaction be-tween its 
layers and its force of adhesion to the base is important. 

In this regard, the aim of the present study is to measure the adhesion strength of multilayer, wa-
ter-based nanofinishes and to determine the influence of the factor “number of applied layers" on the 
adhesion strength when applying the lacquer system on different types of wood surfaces. 

2. Materials and Methods 
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For the purposes of this study, specimens of Larch (Larix spp.), Meranti (Shorea spp.) and Canadi-
an oak (Quercus rubra) were selected for the production of joinery with specific requirements for size, 
stability and moisture content (w) according to EN 13307: 2006. Table 2 shows some characteristics 
and physico-mechanical parameters of wood species relevant to the experiments. 

Test specimens with dimensions 340x70x20mm were conditioned for a month at 20±2°C and 65±5% 
R. H. Initially, they were wetted, dried and sanded sandpaper with a P120 grain size (for oak wood - 
P100).  After fine sanding (P240 – P320 – P400 grit), the wood samples were immersed in colored, 
water based impregnating agent (IM 216C, ICA S.p.A. – Italy, Table 1). After drying for 4h at t = 30 ̊C, 
the surfaces were treated manually with abrasive steel wool (Scotch-brite®) and the first layer of the 
acrylic, water-based top coat (LA 410 I, ICA S.p.A - Italy) with a thickness of 220µm was ap-plied by 
spray airless at high pressure. The test specimens thus obtained were labeled Q1, Sh1 and L1, respec-
tively for Quercus rubra, Shorea spp. and Larix spp. By the given data information of the manufacturer 
it has high transparency, high wetting of the support, short time frame resistance to blocking and water 
and can also filter the ultraviolet radiation from the sunlight. Under high pressure applications no air 
microbubbles can be found in the wet film. 

Table 1. Specification of supplied products (www.icaspa.com/ww/en/ 

Characteristic Units IM 216C LA 410 I 

Physical state   colored liquid thixotropic doulgas coloured liquid 
Solid content % 10±2 38±2 
Specific gravity at 20°C g.ml-1 1,01±0,05 1,04±0,05 
Visc. F.C. 2 at 20°C sec 24±3 / 
DIN Visc. sec 47±3 C.DIN 2 / 
Visc.Brook. gir./rpm/°C cPs  /  5000-7000 (6/100/25)  
Visc.Brook. gir./rpm/°C cPs  /  120000-150000 (4/1/25)  
pH value /  6,5±7,5 8,5±0,5 
Fineness μm /  20 max 

A second layer of LA 410 I with a thickness of 180µm was applied on part of the test samples un-
der the same conditions. The test specimens thus obtained are labeled Q2, Sh2 and L2, respectively 
for Quercus rubra, Shorea spp. and Larix spp.  

The test samples were manufactured in production conditions. 
A scale with an accuracy of 0.001g was used for the measurements.  
The adhesion strength was determined according to EN ISO 4624: 2016. Metal dolly with a diame-

ter of 20mm were glued to the test surface using cyanoacrylate adhesive. After 24h, the coating was cut 
along the edge of the dolly and the destructive force F, N was measured with a test machine "Hecket - 
FP100" - Germany. The adhesion strength was calculated by the formula: 

𝜎 = 𝐹 𝐴⁄ ,   𝑁. 𝑚𝑚−2 (1) 

The mean value was calculated to the nearest 0,01N.mm-2 and the fractures of each of the test 
samples were analyzed. 

3. Results and Discussion 

The average values of the measured adhesion strength of the coatings are presented in Table 2. 

Table 2. Features and physico-mechanical parameters of wood species. Adhesion strength of the obtained coatings (average 
values). 

 
Property 
indicator 

Units Larch 
(Larix spp.) 

Bright red meranti 
(Shorea spp.) 

Canadian oak (Quer-
cus rubra) 

P
ro

p
e
rt

ie
s
 o

f 
w

o
o
d
s
 

kind of wood - softwood diffuse porous wood ring porous wood 

  

   
Density at w = 12± kg.m-3 590 510 740 
Hardness perpendicular 
to grain according to 
Janka* 

N.mm-2 37 20 57 

Tension strength perpen-
dicular to grain* 

N.mm-2 3 - 11.1 

C
o
a
t-

in
g
 

c
h
a
r-

a
c
te

r-

is
ti
c
s
 Adhesion strength of 
three layer coating σ3 

N.mm-2 2.78 3.04 4.88 

Adhesion strength of two 
layer coating σ2 

N.mm-2 2.72 2.88 3.28 

* according to FPL (2010) 
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When determining the adhesion strength, different types of coating destruction were observed: 
- Cohesion - on the wood base (W), on the impregnant (I) and on the varnish (L); 
- Adhesion - at the boundary between the wood surface and the impregnant (W / I) and at the 

boundary between the impregnant and the varnish (I / L).  
Due to the thin film formed by the impregnant (water-soluble system with 10% solid content) and its 

penetration into the wood surface, its exact boundary with the coating created by the lacquer sys-tem 
cannot be determined. Only the presence of dyes makes it possible to get an idea of the place where 
the destruction occurred and its nature. However, this approach cannot be applied to distin-guish the 
two layers of varnish, so in this article any destruction "external" to the impregnant-varnish boundary will 
be interpreted as cohesive (type L).  

Cohesion destruction of the substrate was observed in the form of a detached fine layer of wood 
fibers or larger structural elements on the dolly and manifestation of the natural color and texture of the 
wood at the place where the dolly was pulled off.  

Adhesion destruction (of the type W / I) was observed as a manifestation of the natural color of the 
wood and a tactile sense of the texture of its surface. A matte layer with a printed pattern on the wood 
surface was visible on the dolly.  

Cohesion destruction of the impregnant (type I) was observed in the form of the colorization of the 
wood surface, at the place where the dolly was pulled off, and a colored mirror print of it on the dolly 
itself. Type I destruction is not "pure" - it is always combined with type L. This can be explained by the 
small thickness of the individual layers that make up the lacquer coating and their tight fit to the base, 
following its relief, as well as the good adhesion between them.  

Adhesion damage (type I / L) was observed in the form of the colorization of the wood surface with 
a characteristic wood texture at the place where the dolly was pulled off, and the presence of a trans-
parent matte layer on the dolly itself. 

Varnish breakage (type L) was observed in the form of the whitening of the wood surface at the 
place where the dolly was pulled off. At a sufficiently high magnification, the destroyed granular, trans-
parent, but matte structure of the lacquer system was observed to be different. An embossed matte 
surface was observed on the dolly. 

An idea of the percentage of the types of damage that occurred when pulling off dollies from a 
surface with a three-layer lacquer coating (Q2, Sh2 and L2) can be obtained from Table 3. 

Table 3. Comparative analysis of the types of fractures in three-layer coating 

type of destruction Units Larch  type of destruction Units 

W   % 0 10 0 
W / I  % 30-50* 80 65 
I  % 30* 5 n.d. 
I / L  % n.d n.d. n.d. 
L  % 40-20* 5 n.d 
total damage to the lacquer coating (I 
+ I / L + L) 

% 70-50* 10 35 

* depends on the area of late wood; n.d. cannot be determined 

Based on the observations on the groups of samples, some individual features were noted. 
In Larch (L2) the areas of early (soft) and late (hard) wood were clearly distinguished, where the 

destruction types were qualitatively different (Fig. 1). On the base, the early wood had its natural color 
and its natural texture was felt (W / I type destruction). The late wood was stained, with an uneven, 
grainy surface. Whitening was observed in the dollies with thinner annual rings. An embossed, matte 
layer with a printed negative pattern on the wood surface was observed on the dolly, and the areas with 
late wood were colored (I + I / L type destruction). In the samples with thinner annual rings, the total 
damage in the lacquer prevailed, in the dollies with wider annual rings, the destruction was more differ-
entiated and a clear distinction was made between type W / I and cohesion type W. 

 
Figure 1. Larch (L2). Characteristic destruction types of a coatings after a pull-off test. 
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The cohesive destruction of the base in Meranti (Sh2) was expressed in the presence of clearly 
visible detached wood fibers, which did not form a specific pattern (Fig. 2). The cohesive destruction of 
the varnish on the wood surface was observed as embossed colored spots with a grainy structure. The 
surface of the dolly was observed to be torn embossed and matte. The total destruction of the lacquer 
coating (I + I / L + L) reached 30% of the total area (average 10%). As the adhesion strength increased, 
the percentage of total damage to the lacquer coating increased. 

 
Figure 2. Meranti (Sh2). Characteristic destruction types of a coatings after a pull-off test. 

In Canadian oak (Q2), typical cohesive destruction of the base was not observed. The detached 
wood fibers were few (rather single and partially detached) and extremely fine. These are fibers which, 
despite pre-treatment of the surface, have swelled as a result of contact with water and have lifted into 
the lacquer film. Adhesion damage (type W / I) was observed as a manifestation of the natural color of 
the wood and a tactile sense of the texture of its surface. A finely torn matte layer with a printed pattern 
of the wood surface was observed on the dolly (Fig. 3). The ratio was on average 65% adhesion (W / I) 
to 35% cohesion destruction of the film as a whole (I + I / L + L). As the adhesion strength increased, 
the percentage of total damage to the lacquer coating increased. 

 
Figure 3. Quercus rubra (Q2). Characteristic destruction types of a coatings after a pull-off test 

An idea of the percentage of the types of damage that occurred when pulling off a dolly from a 
surface with a two-layer lacquer coating (Q1, Sh1 and L1) can be obtained from Table 4. 

Table 4. Comparative analysis of the types of fractures in two-layer coating 

type of destruction Units Larch  type of destruction Units 

W   % 25 25 1 
W / I  % 35* 50 5 
I  % 10* 10 25 
I / L  % 20* 10 60 
 L  % 10* 5 n.d 
lack of contact between the dollies and the coating  % 0 0 8 
total damage to the lacquer coating (I + I / L + L) % 40* 25 85 

* depends on the area of late wood; n.d. cannot be determined 

In comparison with the destruction of the three-layer coating, some individual features were no-ticed. 
In Larch (L1), the dolly surface in contact with the late wood was unpainted. Groups of detached 

wood fibers were clearly visible in the areas where the dollies had come into contact with the early wood 
(Fig. 4 – A). Apparently, the lacquer system has penetrated the early wood vessels and their thin walls 
have collapsed during the pull-off. From the analysis of the data from the one-factor exper-iment it was 
found that under these conditions and a significance level of 0.05 the factor "number of applied layers" 
does not affect the adhesion strength. Observations of individual damage confirmed Lavrov's (2015) 
thesis that the strength characteristics of Larch wood are determined by the character-istics of late wood. 
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Figure 4. Characteristic destruction types of a coating after a pull-off test: l. and m. - Larch (L1); r. - 

Meranti (Sh1). 

The analysis of the data from the one-factor experiment for meranti showed that under these con-
ditions and significance level 0.05 the factor "number of applied layers" does not affect the adhesion 
strength.  

The wood surface of the Canadian oak (Q1) retained almost entirely its color and structure (Fig. 5) 
- no whitening was observed, only partial translucency of the natural color. Its cohesion destruction was 
no more than 2%. On the dollies, the pulling-off layer was "cracked", embossed and with fewer and torn 
color prints. In some areas, where the vessels had large cell gaps (early wood), there was no pulled off 
lacquer coating (8 - 10%). Probably on these surfaces the film does not come into contact with the 
surface of the dolly, because the thin lacquer coating following the surface of the base does not fill the 
lumen. The analysis of the data from the one-factor experiment showed that under these conditions and 
significance level 0.05 the factor "number of applied layers" strongly influences the adhesion strength. 

 
Figure 5. Quercus rubra (Q1). Characteristic destruction types of a coating after a pull-off test. 

The indicated features and the analysis of the data from table 2 and table 3 show that the total de-
struction (I + I / L + L) of the varnish is greater in the two-layer coatings. Obviously, the cohesion strength 
of the film is reduced due to insufficient amount and uneven distribution of the varnish sys-tem on the 
substrate. 

In all test specimens, the lacquer coating was cohesively destroyed in the areas of late wood and 
retained its integrity in the areas of early wood, the damage being either at the base or at the border 
with it. This trend was clear for both three-layer and two-layer coatings. 

4. Conclusion 

Based on the described observations and experiments conducted under these conditions, the fol-
lowing conclusions can be made: 

- The three-layer lacquer nanocoating has sufficiently good adhesion strength. Its highest 
value is for Quercus rubra - 4.88N.mm-2, followed by Shorea spp. - 3.04N.mm-2 and Larix 
spp. - 2.78N.mm-2. (According to the Ecological Criteria for the Award of the Community 
Eco-label to Outdoor Paints and Varnishes (Decision, C. 543 / EC, 2009) the critical value 
of the adhesion strength is 1.5N.mm-2.); 

- The two-layer nanocoatings in the test samples of Larch and Meranti have sufficiently high 
adhe-sion strength, therefore it is not necessary to apply a third layer; 

- Despite the satisfactory adhesion strength of the two-layer coating in test specimens of 
Canadi-an oak, it is recommended to apply an additional layer, because the type of ob-
served damage indi-cates that the cohesion strength of the film is reduced due to insufficient 
and uneven distribution of the lacquer system; 
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- The value of the adhesion strength, as well as the type of damage in the system - base / 
coating depend on the homogeneity and hardness of the wood. A more uniform and harder 
base implies greater adhesion strength of the coating applied to it. In a narrow sense, this 
statement refers to the presence and area of late wood. 
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ABSTRACT 

Hybridization is a combination of two or more types of fibers in one matrix and it is becoming more and 
more common. Hybridization overcomes the limitations of one type of reinforcement by combining with 
another type with a better performance. This allows for a more versatile use of composites with im-
proved properties. Our research aimed to develop and characterize the polypropylene hybrid compo-
sites reinforced with basalt and glass fibers. The fillers were added in weight content of 10%, 15% and 
20%. The composites were produced by using an injection-molding machine. To measure the mechan-
ical properties of the hybrid composite a tensile test, three point flexural test and Charpy impact test 
were conducted. Furthermore, the tests were performed at various temperatures (−24 °C, 23 °C, and 
80 °C). To evaluate the state of dispersion and adhesion between the fibers and the matrix, the fractured 
sur-faces of the various samples after tensile test were observed using a scanning electron microscope. 
The results show that the production of composite with both basalt and glass fibers in polypropylene 
matrix with maleic anhydride-grafted polypropylene can be successfully achieved. The addition of two 
types of the fibers increased the tensile strength by 306% and tensile modulus by 333% for a composi-
tion with 20% by weight fibers. 

1. Introduction 

In the last years, it is demanded to investigate new materials. Hybrid composites consist two or more 
reinforcements along with a polymer matrix. Hybridization helps adapting properties to a particu-lar ap-
plication. For a long time glass fiber reinforcement composites (GFRC) were widely used with-out using 
a second component (Chen et al., 2019). Glass fiber is a material with good properties such as high 
strength, flexibility, stiffness and resistance to chemical exposure. However, it has some drawbacks 
such as high sensitivity to hydrolysis and there the difficulty appears during the recycling phase of a 
product, especially nowadays, where the pressure to recycle is high. The addition of bas-alt fibers as a 
second reinforcement can compensate some drawbacks and can lead to a creation of composites with 
new properties. Basalt fibers are becoming an increasingly popular reinforcing mate-rial, due to the fact 
that it is an environmentally friendly material with very good mechanical properties. The physical attrib-
utes of basalt are presented in (Singha, 2012). This article shows how to apply bas-alt fibers as a rein-
forcement material for composites as an alternative use to glass fibers. In contrast to the aim of this 
article, the authors discuss the use of basalt fabrics. Many studies have shown that hybridization gives 
good mechanical properties. Scientists studied glass fiber reinforced hybrid com-posites. Haneefa et al., 
2008 studied composites with short banana ang glass fibers. Mansor et al., 2013 examined tensile prop-
erties of composites reinforced by kenaf and glass fibers. Valente et al., 2011 studied hybrid composites 
with recycled glass fibers and wood fibers. The addition of two types of fibers increased flexural modulus 
and decreased flexural modulus. Article by Deák and Czigány, 2009 presents the geometrical and me-
chanical properties of and chemical composition of different basalt and glass fibers. These two materials 
were compared to each other and the diverse similarities and differences are presented. The authors of 
Lingesh et al., 2018 investigated hybrid composites with 20 wt% GF/BF fibers in 80 wt% PA66/PP blend. 
Here the mixture of the fibers im-proved the tensile and flexural behavior as well. An alternative hybrid-
ization proposal is presented in Barczewski et al., 2018. There, PP hybrid composites containing glass 
fiber and basalt powder were evaluated in matters of the mechanical properties. Four different reinforc-
ing fibers with within a PP as matrix material were used for mechanical investigations in Czigány, 2005. 
30 wt% of various composi-tions of fiber types were used as reinforcing materials. Additionally hybrid 
compositions of two ma-trix materials and two or more reinforcing or filling materials were researched. 
In contrast to the actual article, the authors used a compression molding manufacturing method of the 
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specimens. In Yan et al., 2017 the fabrication of PP-GF/BF hybrid composites with direct fiber feeding 
injection molding (DFFIM) process is discussed. As coupling agents Polyamide 6 and maleic anhy-
dridegrafted poly-propylene have been used to improve the interfacial bonding between the fibers and 
matrix. Mechani-cal properties of these hybrid composites are shown and the phenomenon of fiber ag-
glomeration is investigated. An additional aspect and an overview of the utilization of different hybrid 
polymer com-posites in automotive applications are presented by the authors of article Saleem et al., 
2020. A hy-bridization of natural fibers with glass, carbon or basalt is described to manufacture bast 
fiber com-posites with enhanced mechanical properties. To list some injection molded glass reinforced 
poly-propylene parts used within the automotive sector according to Lutsey, 2010, interior parts of the 
vehicle e.g. console and shifter are produced. Additional requirements of these parts, especially in the 
automotive sector and the desired properties within the automotive industry is presented in Volpe et al., 
2019. 

This study aimed to investigate the effect on the mechanical properties of two fillers into the com-
posite: basalt fibers and glass fibers. The thermal impact on these properties was also investigated. 
Micrographs made by scanning electron microscopy exhibit the characterization of a fiber-matrix in-
terface of the two-fiber composite.  

The next planned investigation’s goal is to predict the fatigue behavior of the composites by hys-
teresis loops by applying a loading-unloading forces on the manufactured specimens. As the upcom-
ing study a FEA (Finite Element Analysis) will be carried out in addition to the presented results. A next 
simulation step will give information about the probable orientation of the filler inside the matrix due to 
the molding process. A mean field homogenization of the composite will give the overall me-chanical 
properties. The calculated mechanical properties and the predicted orientation will be the final input to 
simulate the sigma-epsilon characteristics of the composite specimen. 

2. Materials and Methods 

2.1. Materials 

Moplen HP 500N produced by Basell Orlen Polyolefins (Płock, Poland) was used as a matrix. The 
following fillers and coupling agent were used: 

1. The chopped basalt fibers (BCS17-6.4-KV16) with cutting length of 6.4 mm and nominal di-
ameter of 17 μm, supplied by Basaltex (Wevelgem, Belgium).  

2. Glass Fibers (Krosglass ER 5001) with nominal diameter of 10 µm, supplied by Krosglass 
(Krosno, Poland). 

3. The anhydride maleic PP SCONA TPPP 9112 GA (MAPP), supplied by Byk (Altana AG, 
Wesel, Germany). 

Composites were prepared in the Laboratory of Plastics Technology operating under Grupa Azoty 
SA in Tarnów, Poland. The samples were made by using an Engel ES 200/40 HSL injection molding 
machine (ENGEL GmbH, Schwertberg, Austria). 

2.2. Methods of Testing 

2.2.1.  Density 

The density (PN-EN ISO 1183) of the samples was estimated using the hydrostatic method on a 
RADWAG WAS 22W scale (Radwag, Radom, Poland). The specimens were measured in ethanol me-
dium. 

2.2.2. Mechanical Testing 

The mechanical properties were carried out using an MTS Criterion Model 43 universal testing ma-
chine (MTS Systems Corp., Eden Prairie, MN, USA) with an MTS 634.31F axial extensometer, accord-
ing to PN-EN ISO 527-1:2012. The constant cross-head speed was set to 5 mm/min. Charpy impact 
tests (PN-EN ISO 179-2 ) were carried out on unnotched samples using the Zwick/Roell MTS SP (Zwick 
Roell Group, Ulm, Germany) testing machine. Furthermore, the tests were performed at various tem-
peratures (−24 °C, 23 °C, and 80 °C). 

2.2.3. Composite Morphology 
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The microstructure observations were made with the use of a scanning electron microscope JEOL 
JSN5510LV (JEOL Ltd., Tokyo, Japan). SEM structure images were acquired on tensile-test fracture 
surfaces of specimens. The accelerating voltage was 20 kV. Samples were coated with gold using 
Cressington 108 auto sputter coater (Cressington Scientific Instruments, Watford, UK). 

3. Results and Discussion 

3.1. Physical Properties 

Table 1 presents composition content of produced composites. Different ratios were used to pro-
duce composites. The addition of fibers caused a slight increase of the density of composites. 

Table 1. Composition and basic properties of tested composites. 

Symbol Composition Density, g/cm3 

PP neat polypropylene HP 500N 0.886  ± 0.001 

PP5B5G PP + 5 wt% basalt fibers+ 5 wt% glass fibers + 3 wt% MAPP 0.974 ± 0,003 
PP7B7G PP + 7.5 wt%  basalt fibers+ 7.5 wt% glass fibers + 3 wt% MAPP 0.995 ± 0,005 
PP10B10G PP + 10 wt%  basalt fibers+ 10 wt% glass fibers + 3 wt% MAPP 1.017 ± 0,001 

3.2. Mechanical Properties 

The tensile testing was done on specimens at different temperatures (-24 °C, 23 °C and 80 °C). The 
tensile strength (Figure 1), tensile modulus (Figure 2) and strain at break (Figure 3) of the composites 
which contained basalt fibers and glass fibers were compared. For composites with 10% by weight fibers 
the tensile strength and tensile modulus increased by 119% and 219%, respectively. Further increasing 
of the amount of filler (up to 20% by weight) resulted in an increase by 306% and 333%, respectively. 
At 80 °C composites showed a pseudo-ductile effect. As the temperature increased, the tensile strength 
and modulus values found to be decreased for all composites. It may be due to the thermal softening of 
the matrix. At lower temperatures composites became more brittle. This is due to the glass transition 
temperature. The addition of stiff fibers caused a decrease of strain at break for all compositions. 

 
Figure 1. Tensile strength of the tested materials at -24°C, 23°C, and 80°C. 

 
Figure 2. Tensile modulus of the tested materials at -24°C, 23°C, and 80°C. 
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Figure 3. Strain at break of the tested materials at -24°C, 23°C, and 80°C. 

The Charpy impact tests were conducted and the results are observed in Figure 4. Impact strength 
decreased for composites reinforced by basalt and glass fibers. It decreased approximately twice how-
ever in a previous research the impact strength was lower for hybrid composites with bas-alt/carbon 
(“Novel hybrid composite based on polypropylene with basalt / carbon fiber Rapid Communication,” 
2018). At a temperature of -24 ℃ a decrease of impact strength was observed 

 
Figure 4. Unnotched Charpy impact strength of tested materials at -24°C, 23°C and 80°C. 

Figure 5 compares the mechanical properties determined in flexural test. The flexural strength in-
creased by 296% and flexural modulus by 292% for a composition with 20% by weight fibers. The com-
posite reached a value of 143,0 MPa which was a higher value in comparison to the tensile strength of 
87,9 MPa. The flexural strength values of plastics differ significantly from the tensile strength: practically 
always the flexural strength of plastics is greater than the tensile strength. Modu-lus of elasticity are not 
subject to this regularity, as a rule, their values are quite similar (5185 MPa for a tensile modulus and 
4669 MPa for a flexural modulus). 

 
Figure 5. Flexural strength and modulus of tested materials at -24°C, 23°C and 80°C. 

3.3. Micrograph observation 

Figure 6 presents the micrographs of the composite fracture surfaces after tensile test. Different 
sizes of fibers are noticeable: glass fiber has a diameter of 10 μm and basalt fiber 17 μm. The fibers are 
well embedded into the polymer matrix. Good adhesion of the matrix to the fiber is noticeable, especially 
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for the basalt fibers where the matrix encloses them. The addition of coupling agent helped to create a 
strong bond between the fibers and the matrix. This had a positive effect on mechanical properties 

(a) (b)  
Figure 6. Micrographs of fracture surfaces of PP10B10G: (a) x500 , (b) x1,000 

4. Conclusion 

One of the conclusions is that basalt and glass fibers can be mixed together to produce compo-sites 
based on polypropylene by the injection molding method. The adding of coupling agents caused a good 
fiber-matrix interface what had influence on its mechanical properties. These compo-sites can be also 
used in a various range of temperature. The tensile strength increased by 306% and tensile modulus by 
333% for a composition with 20% by weight fibers. Designing different applica-tions within the automo-
tive, aerospace and sporting industries, the advanced polymer hybrid compo-sites properties can be 
advantageous due to their high strength-to-weight ratio and anti-corrosion properties. The easier recy-
clability, compared to standard material composites, will be in addition a green footprint for future hybrid 
composite material utilization. 
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ABSTRACT 

Protective and decorative coatings provide the desired aesthetic properties, but their main purpose is to 
protect wood from environmental influences. As it is known wood changes in dimension because its 
moisture content varies. As a result, small cracks appear which might expand under prolonged exposure 
to external climatic conditions. Water permeability of finishes is an important factor in their wood protec-
tive function. Wide varieties of products for protection of wood surfaces require knowledge of the prop-
erties of coatings in order to facilitate their formation and use. This study eval-uates the permeability of 
nanocoating applied on wood surfaces. The aim of the study is to determine the efficiency of water-
based nanocoating for the protection of wood surfaces exposed to water im-pacts. Water-based lacquer 
system developed by ICA S.p.A. (Bologna, Italy) was applied via airless injection to wood samples of 
Larch (Larix spp.), Bright red meranti (Shorea spp.) and Canadian oak (Quercus rubra). The roughness 
and water permeability of the nanocoatings were measured. The per-meability of finishes in terms of 
liquid water absorption was measured according to standard EN 927. 

1. Introduction 

It is well known that wood products are easy to absorb water and steam when they are exposed to 
environmental conditions for a long time, which strongly affects the durability of wood products and 
causes damage to their properties. Protection of wood materials against environmental impact repre-
sents an old, and however, a new challenge. Various varnishes and coating systems for use on wood 
surfaces have been developed over time as a result of quality demands and environmental protection 
consciousness. Coatings are usually applied as multi-layered systems that are composed of primer and 
topcoat. Exterior wood coatings are largely made with alkyd, acrylic or polyurethane resins. The basic 
properties of a coating are determined by its main components, namely binders, pigments, solvents, 
fillers, and additives (Sandberg, 2016). The nanotechnology product varnishes discussed herein are the 
newest area of development in this field. Addition of nanomaterials to the coatings improves the prop-
erties of the conventional varnishes and produces new multi-functional coating due to their tiny particle 
size. Their application on wood materials aims to enhance the biological, physical, and mechanical 
properties of wood. The properties of materials are very different at nanoscale com-pared to macro-
scales and some new, special, and useful properties are available at the nanoscale (Kaygin et al. 2007).  

The incorporation of inorganic particles into organic polymers as fillers is a common practice to 
improve the water absorption of wood and to make its surface hydrophobic. (Ghang et al. 2015, Shah 
et al. 2017, Papadopoulos et al. 2019). Typically, hydrophobic surfaces exhibit a self-cleaning effect 
(Mathiazhagan et al. 2011, Xing et al. 2018). Nanocoatings can be used for decreasing of wood water 
absorption since they had much more surface area that can result in improvement of its physical and 
mechanical properties. Silver nanoparticles and nanosilicates are often used to improve the hydro-pho-
bic characteristics of wood. Nanosized materials (particles, spheres or tubes) can be incorporated into 
the formulation of a potential coating by two approaches. In the first approach, a suitable solvent is 
added to the polymer and then force is applied to ensure dispersion. Following this, the application of 
the coating to the wood surface can be done by dipping, brushing, or spraying. The second way, involves 
compound addition directly to monomers and subsequent polymerization. In this way, the nanomaterials 
are synthesized by chemical reactions on the wood surface. This method is advanta-geous because the 
very small molecules diffuse easily between nanoparticles (Papadopoulos et al. 2019). Nanocomposite 
coatings create rough hydrophobic surface without affecting softness and abrasion resistance of the 
wood. Similarly, impregnation of nanomaterials reduces the pore size and space available within the cell 
wall which is used for absorption of water molecules (Fufa et al. 2010). 
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In view of the perspective of nanotechnologies, it is important to understand the structure-properties 
relationships of nanocomposites when used on different wood surfaces (Mathiazhagan et al. 2011, 
Mishra et al. 2018, Teng et al. 2018). Some of the properties of commercial nanocoatings applied as a 
means of protection are either partially known or misunderstood. 

Permeability of coatings for water and water vapor is a supreme factor in their wood protective func-
tion. Permeability represents a material property that is of specific importance for different tech-nical 
processes in the wood furniture industry (Kavalov at al. 2000). Permeability determines the flow of liquid 
or gaseous phases through a solid surface. It is a well-known fact that liquid water and water vapor 
uptake were affected by coating film thickness, number of coats, and coating composition. The aim of 
the study is to determine some characteristics and the efficiency of water-based nano-coatings for the 
protection of wood surfaces exposed to water impacts. 

2. Materials and Methods 

For the purposes of this study, specimens of Larch (Larix spp.), Meranti (Shorea spp.) and Cana-
dian oak (Quercus rubra) were selected for the production of joinery with specific requirements for size, 
stability and moisture content (w) according to EN 13307: 2006. Wood surfaces of samples with a water-
based nanocoatings are presented in Figure 1. Table 1 shows some characteristics and phys-ico-me-
chanical parameters of wood species relevant to the experiments. 

 
Figure 1. Wood surfaces with a water-based nanocoatings. A - Larch (Larix spp.); B - Meranti (Shorea 

spp.); C - Canadian oak (Quercus rubra). 

The samples with dimensions 340x70x20 mm were conditioned for a month at 20 ± 2 ° C and 65 ± 
5% R. H. After fine sanding (P240 – P320 – P400 grit), the wood samples were modified with water 
based impregnating agent (IM 216C, produced by ICA S.p.A.). After drying for duration of 4 h at t = 
30 ̊C, the surfaces were treated manually with abrasive steel wool (Scotch-brite®). Two layers (with 
thickness 220 µm and 180 µm) of water-based acrylic nanocoating (LA 410 I, produced by ICA S.p.A.) 
were applied by airless spraying on the samples surfaces. The thickness of the wet film was con-trolled 
with a stainless steel gauge (comb) according to ISO 2808:2019. Thus obtained nanocoatings are with 
clearly expressed hydrophobicity (Fig. 2). Additionally, by sticking to the above mentioned standards 
and technologies, lacquer coating was applied on a glass plate. 

 
Figure 2. Behavior of liquid (distilled water) in contact with the surface of the nanocoating. A - spread-
ing and wetting; B - state of water drop with volume 3 µl, 60 s. after its contact with the surface (per-

pendicular to the grain); C - state of water drop with volume 3 µl, 60 s. after its contact with the surface 
(parallel to the grain). 

The European standard EN ISO 927-5: 2007 specifies a test method for assessing the liquid water 
permeability of coating systems for exterior wood by measuring the water absorption of coated wood 
panels. After the application of the coatings, all remaining sides were sealed with two-component poly-
urethane (PU) system. For each set of five replicates, the arithmetic mean value of the weight increase 
and the standard deviation were calculated. The arithmetic mean value of the weight increase after 72 
hours of floating is reported as mass of absorbed water per test face area. The water ab-sorbed by each 
specimen was measured as mass of absorbed water (MWA) per test face area rela-tive to the weight of 
the conditioned specimen prior to the test, in accordance with EN 927-5 (Eq. 1): 

 
(1) 
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Where MWA1 = mass of absorbed water per area in g/m2 at time 1; w0 = weight in g at time 0; w1 = 
weight in g at time 1; A = area of test face in m2. 

The surface roughness value is main characteristic for evaluating the surface properties and super-
ficial quality of materials (Slabejová at al. 2017, Kavalov at al. 2000). In this relation, measurement was 
performed on the surface roughness of the samples with applied top water-based nanocoatings. The 
Mitutoyo SJ-210 surface roughness measurer (Mitutoyo, Japan) was used to indicate the surface rough-
ness at the following settings: profile – R (radius - 5 µm), filter-Gauss; number of segments, N - 5; cut-
off length, λc - 2,5mm; measuring speed - 0, 25 mm/s. The measurements were made perpen-dicular 
to the wood grains. Surface parameters like roughness average (Ra), maximum profile peak height (Rp) 
and maximum profile valley depth (Rv) were estimated. 

3. Results and Discussion 

From practical point of view, it is important to determine the water permeability of the coatings as a 
time function. In this relation, during the first 12 hours of soaking the samples in water, MWA has been 
measured at every hour, while after the end of that period, every 24 hours. That measurement continued 
also once the samples were taken out of the water (72 h), until insignificant changes in their mass have 
been determined (Fig. 3). 

 
Figure 3. Time-dependent mass of absorbed water (MWA) during the water permeability test accord-

ing standard EN ISO 927-5: 2007   

The water permeability test identified no visual cracks, peeling and deformation on the surfaces of 
the samples. All that indicates the good elasticity of the coating. 

 
Figure 4. Coated surface of Canadian oak (Quercus rubra): A - before water permeability test; B - af-

ter water permeabil-ity test; C - 72 h after the water permeability test. 

From another side, after taking the Canadian oak (Quercus rubra) out of the water, some swelling 
of the coating has been found in the earlywood zones and visible change of its initial colour (Fig. 4A, 
4B). The reason for that is the water penetration in the early wood vessels and dissolution of extract 
substances. The established swelling decreases considerably after 72 h of conditioning in production 
environment (Fig. 4C). Therefore, for wooden surfaces characterized with large earlywood vessel lumen 
(i.e. oak) it is necessary to have additional treatment so thus to decrease their swelling and limit the 
colour changes. Pánek and De Windt have reached similar conclusions in their researches (Pánek et 
al. 2017, De Windt et al. 2014). In that case, from technological perspective, it is recommended to have 
the coatings applied with rollers, to increase the applied lacquer quantity and/or to use special primers 
limiting the water permeability of the coatings. 

Table 1. Properties of wood species and characteristics of water-based nanocoatings obtained on samples surfaces (average 
values). 
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Properties of wood / Coating char-
acteristics 

Units 
Larch (Larix spp.) – 
softwood 

Red meranti (Shorea spp.) 
porous wood 

Oak (Quercus rubra) ring 
porous wood 

 

   
Density at w = 12±1% kg/m3 590 510 740 
Hardness, perpendicular to grain ac-
cording to Janka* 

N/mm2 37 20 57 

Ra, perpendicular to grain of coated 
wood 

µm 4.33 3.73 4.51 

Rp, perpendicular to grain of coated 
wood 

µm 10.81 9.87 10.36 

Rv, perpendicular to grain of coated 
wood 

µm 11.87 13.73 21.3 

Hydrophobicity - + + + 
MWA of coated wood after 72 h 
floating in water 

g/m2 93.5 138.1 110.36 

Ra, perpendicular to grain after the 
permeability test 

µm 6.09 4.41 6.99 

* according to FPL (2010) 

Likewise, after conducting the water permeability test, there was no considerable change observed 
in the hydrophobicity of the nanocoatings (Fig.5). 

 
Figure 5. Coated surface of Canadian oak (Quercus rubra). Condition of a water drop with a volume 

of 3 µl, 60 s. after its contact with the surface: A - before the water permeability test; B - after the water 
permeability test. 

According to the EN 927-5 the water permeability of the film protecting coatings should not ex-ceed 
30 g/m2 over 72 h period of time. By one-layer primer (IM 216C, produced by ICA S.p.A.) and two-layer 
application of water-based nanocoatings (LA 410 I, produced by ICA S.p.A.) over a wood surfaces (Tab. 
1), the rate as per standard EN 927-5 regarding the water absorption of coatings can-not be met. On 
the other hand, the specification EN 927-2 (2014) classifies performance criteria, in relation to the ex-
pected dimensional movement of the wood, into stable (maximum water absorption 175 g/m2), semi-
stable (from 175 g/m2 to 250 g/m2), and non-stable (over 250 g/m2) end-use catego-ries. The different 
water permeability of the nanocoatings is to a large extent due to the characteristics and the properties 
of the wood. The coatings applied on traditionally water-resistant wooden species (oak, larch) have 
significantly lower water permeability (Tab. 1, Fig. 3).  

Roughness profile of the wood surfaces after applying of acrylic water-based nanocoatings are 
shown in Fig. 6. The values of the indicators Ra and Rp are similar for all coatings (Tab. 1), which comes 
to certify for their homogeneity. The variety in the values (in the range of 12 to 22 µm) for the Rv indicator 
with the different coatings actually reflects the different structure of used wooden spe-cies. The average 
roughness Ra for all three processed surfaces has increased after the water perme-ability test, which 
means that there is residual swelling of the wooden surface. 
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Figure 6. Roughness profile of wooden surfaces (Larch, Meranti, Oak) after applying of water-based 

nanocoatings 

4. Conclusion 

Based on the results obtained at lab scale and under the conditions of the experiments herein, the 
following conclusions could be made specifically for the above-mentioned materials:  

- It has been established good elasticity and hydrophobicity of the studied lacquer nanocoat-
ing. 

- The water permeability of the studied lacquer nanocoating is considerably high and does 
not meet the EN ISO 927-5: 2007 standard (not to exceed 30 g/m2) even when applied on 
low water ab-sorption wood.  In that relation, it is not recommended to use that coating as 
a protection of outdoor wooden surfaces exposed to constant water impact if there is no 
possibility for water run-off (espe-cially for horizontal surfaces). 

- The studied nanocoating is hygroscopic. When applied on a glass plate, it absorbs 12±5% 
g/m2 water for 72 h. Desorption prolongs for 24 hours at relative humidity of 60 % and 
temperature of 20°С;  

- Wide earlywood vessels for ring porous species (i.e. oaks) are mainly responsible for the 
transport of water through the coating. For that type of wood, it is recommended to apply 
the coat-ings via rollers so thus to increase the quantity of applied lacquer and/or to use 
special primers that could limit the water permeability of the coatings. 
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ABSTRACT 

The functionalization of wood and wood-based substrates with smart or intelligent surfaces is a prerequi-
site for using them in the smart home sector. So far, an integration of electrically conductive layers and 
structures is carried out by laminating wood with printed electronics on paper or a polymer material. In 
this study, an alternative technology was used to generate conductivity layers on the substrates. Exper-
iments were performed using the PVD (physical vapour deposition) technology for the deposition of thin 
metal layers on wood, wood-based materials and paper substrates. PVD process technologies are wide-
ly used in the different application areas of thin film deposition. It is an essential element to achieve good 
film adhesion, high film density, high hardness, desired mechanical stress and low surface rough-ness, 
beside other film and surface properties. These processes use in most cases plasma and ion enhance-
ment to control and optimise the deposition process to improve the properties of the obtained films 
(Bunshah 1994, Mattox 1998, Pulker 1999, Strauss et al. 2003, Strauss et al. 2008). 
In this study, it was evaluated if PVD processes are applicable for the deposition of thin, metal layers on 
wood and wood-based materials. The aim of the study was therefore to generate a conductivity layer 
on the substrates with focus on the integration of electronic features, like heating, sensors, conducting 
paths, etc. in wood-based furniture components. Using the magnetron sputtering process, molybdenum, 
tungsten, copper and titanium layers of about 200 to 300 nanometres were deposited on ash and larch 
wood, medium density fibreboards, kraft and cellulose fibre papers. 
Unfortunately, two problems occurred in terms of the PVD-deposition of metal films on solid wood and 
fibreboard samples: Due to the superior release of moisture and the outgassing of wood constituents, 
either no high vacuum could be built for starting the sputtering process at all or the diffusion of oxygen 
molecules from the wood led to a strongly oxidic process. In contrast, prosperous results were achieved 
for the deposition of thin metal films on kraft and cellulose fibre papers. Due to the small thickness of 
the samples and thus low release of moisture, the sputter process runs stable and pure metal films were 
deposited. The metallic coated paper substrates were characterized in surface energy, surface rough-
ness and electrical resistance measurements. Distinguished results were achieved for conductivity. In 
resistive tests, the electrical resistance decreases from high values of the uncoated substrates of 4*1011 
Ohm to a significantly lower level (factor 106 to 1010 for tungsten layers and factor 109 for copper 
layers). Furthermore, the high conductivity of the deposited layers enables their application in a switch-
ing circuit and led finally to the manufacture of an interactive laminate board for the demonstration of 
touch and capacitive proximity switching functions using a microcontroller board.  
Current experiments imply the deposition of different metals, alloys and metal oxides and the generation 
of multifunctional layers to establish the potential for new, innovative applications for wood and wood-
based materials, such as electrically conductive, capacitive and thermoelectric functionalization. 

1. Introduction 

The functionalization of wood and wood-based substrates with multifunctional, smart or even intel-
ligent surfaces (interactive, electronic, self-analyzing) is a pre-requisite for using them in the smart home 
sector. This requires wood and wood-based substrates to be provided with electrically conduc-tive lay-
ers and structures. So far, an integration of electrically conductive layers and structures is carried out 
by laminating wood with printed electronics on paper or a polymer material. In this study, an alternative 
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technology was used to generate conductivity layers on the substrates (Sinic et al. 2018, Sinic et al. 
2019). Experiments were carried out using the PVD (physical vapour deposition) technology for the thin 
film deposition of metals on wood, wood-based materials and paper sub-strates, evaluating if magnetron 
sputtering is applicable therefor. Hence, the aim of the study was to generate a conductivity layer on the 
substrates with focus on the integration of electronic features, like heating, sensors, conducting paths, 
etc. in wood-based furniture components. 

PVD process technologies are widely used in the different application areas of thin film deposi-tion. 
It is an essential element to achieve for example good film adhesion, high film density, high hardness, 
desired mechanical stress and low surface roughness, beside other film and surface prop-erties. These 
processes use in most cases plasma and ion enhancement to control and optimise the deposition pro-
cess to improve the properties of the obtained films (Bunshah 1994, Mattox 1998, Pulker 1999, Strauss 
et al. 2003, Strauss et al. 2008). 

Modern PVD process technologies are used to deposit high quality thin films, with different func-
tional properties, like scratch- and wear-resistant, easy-to-clean, conductive, antimicrobial, hydro-
philic/hydrophobic features. The main basic PVD process technologies are evaporation, magnetron 
sputtering (dc or dc-pulsed) and arc source deposition. The PVD processes are mostly plasma and/or 
ion assisted to control and optimise the deposition process and to improve the properties of the obtained 
films.  

Magnetron sputter deposition is a non-thermal vaporization process where surface atoms and mol-
ecules of the target (metals, alloys, compound materials) are physically ejected from a solid sur-face by 
momentum transfer via an energetic bombardment of particles which are usually gaseous ions (working 
gas: argon) from a plasma (Bewilogua 2013, Mattox 1998). 

The thin film deposition can be divided into three phases (Figure 1): 
1. Generation of the coating species (atoms, molecules and clusters) by bringing energy into a 

target material 
2. Transport of these particles from the source to the substrate (mostly plasma assisted) and  
3. Condensation and adsorption of the particles on the substrate and layer growth. 

 
Figure 1. Phases of film deposition during the magnetron sputtering process (Bewilogua 2013, Mattox 

1998) 

In comparison to conventional coating technologies for the deposition of metal films on wood-based 
materials, the magnetron sputtering processes offers following advantages:  

- The electrically conductive films can be applied directly onto the substrate, regardless of its 
surface roughness and the thickness of the substrate.  

- An almost unlimited number of different target materials (metals, alloys and compound ma-
terials) can be used. 

- The process temperature remains constantly low (below 50°C) which is an enormous ad-
vantage, especially for the temperature-sensitive wood-based materials. 

- The process can be adapted to the geometry and size of the substrates. So a full-area 
coating of the substrate can be achieved in one process step. 

- “Dry” coating process: no solvents, liquid chemicals, etc. are used. Therefore, a swelling of 
hydrophilic materials like wood, wood-based materials and paper could be avoided. 

2. Materials and Methods 

2.1. Materials 
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Commercially available medium density fibreboards (MDF; Egger MB-PL, board thickness 25mm), 
European ash and larch wood (board thicknesses 16mm and 19mm), kraft paper samples (Mondi Ad-
vantage Speed natural brown, 80g/m²) and cellulose fibre papers (Glatfelter Gernsbach Abaca LFP 
ADO 22, 22g/m²) were used for the coating trials. Before PVD coating, the MDF and wood samples 
were sawed to smaller pieces (dimension 10 x 10cm; ash wood specimens 10 x 4cm), sanded (P120, 
P320, P500, P1200) and polished. The paper samples were available in DIN A4 format. 

2.2. Anything else 

The PVD coating trials of the papers and wood-based materials were carried out on the magnetron 
sputtering machines Balzers BAK 760 (sputter source: Advanced Energies AE pinnacle 5Kplus; Figure 
2, left) and Balzers BAP 800 (magnetron: Angstrom Science). Molybdenum, tungsten, copper and tita-
nium were used as target materials.  

The wood-based specimens were positioned on a rotating sample plate in the vacuum chamber 
(Figure 2, right above). The papers, on the other hand, were fixed to a rotating disk with clips, with three 
papers of eight also being weighted down by a clip at the lower end (Figure 2, right below). The rotating 
speed was 12rpm. To ensure an optimal coating, the distance between the sample and the target/source 
was set to 6cm. 

 
Figure 2. Magnetron sputtering machine Balzers BAK 760 from PhysTech Coating Technology (left 
image). The wood-based specimens were positioned on a rotating plate (right image, above) in the 

vacuum chamber of the mag-netron sputtering machine, whereas the paper samples were fixed on a 
rotating disk (right image, below). 

After positioning the samples in the chamber, a vacuum of 5*10-1mbar was built up using a booster 
pump. In order to achieve a process start pressure in the range of 10-4mbar, the turbo-molecular pump 
was then switched on. The sputtering process on the target material was started by “igniting” the plasma 
source and leading in argon gas. During the process the pressure increased gradually and amounted 
to 10-3mbar. Based on the results of previous tests, following magnetron sputtering param-eters and 
conditions were set: process gas argon; process start pressure 10-4mbar; target power 1000W (power-
regulated control); target voltage 560-580V; target current 1.7-1.8A and DC frequency mode. The pro-
cess time was varied between 25 and 50min to examine the influence of the coating time on the film 
properties. 

2.3. Characterization 

Contact angle measurements, determination of the surface roughness and electrical resistance 
measurements were performed on the uncoated and metallic coated paper specimens, as described in 
the following subchapters. 

2.3.1. Contact angle measurements 

To characterize the surface properties, contact angle measurements were carried out on the un-
coated and PVD-coated kraft paper samples. The contact angle and free surface energy values were 
examined by means of the DataPhysics OCA 35 contact angle-measuring device using three test liq-
uids (water, ethylene glycol and diiodomethane). The drop volume was 1.5µl; the drop rate 1µl/s. The 
contact angle was determined using the sessile drop method for each test liquid as the mean value of 
the right and left angle (ellipse fitting) and measured immediately after the droplet had stabilized on the 
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surface, before swelling/evaporation effects appeared. The surface energy was calculated using the 
OWRK method; the surface tension parameters of the test liquids were set according to Ström et al. 

2.3.2. Surface roughness measurements 

The roughness measurements of the kraft paper surfaces were carried out by means of the confocal 
3D laser scanning microscope VK-X1000 from KEYENCE using the 20x objective. Using a confocal 
laser and coaxial lighting, an image field of 14 x 15 images (approx. 8580 x 6900µm) was determined 
on the paper surfaces. To compensate the paper curl, a filter (Lc value) was set and adjusted manually. 
For the paper samples, the Lc value resulted in 800µm. Using the surface analysis of the image field, 
relevant surface roughness values were determined (mean arithmetic height Sa; maximum peak height 
Sp; maximum valley height Sv; maximum height Sz; mean square height Sq). 

2.3.3. Electrical resistance measurements 

To characterize electrical resistance of the uncoated and PVD-coated kraft paper and cellulosic fi-
bre paper samples, two different measurement devices were used. The electrical resistance measure-
ments of the uncoated samples were performed according to DIN EN 61340-2-3:2015-04; VDE 0300-
2-3:2015-04, using a tera-ohmmeter (Tera-Ohmmeter TO-3 from H.-P. Fischer Elektronik GmbH & Co). 
A guard ring electrode was positioned on the substrates and the surface electrical resistance was de-
termined (absolute value). The test voltage was 250V. 

The PVD-coated samples showed very low electrical resistance values that could not be measured 
with the tera-ohmmeter. Therefore, the electrical resistance measurements of the PVD-coated samples 
were carried out using a multimeter (FLUKE 175 True RMS). 

2.4. Prototyping of an interactive laminate board 

To investigate the conductivity of metallized papers in a laminate composite and to demonstrate 
touch and capacitive proximity switching functions, a prototype of an interactive board was pro-duced. 
Hence, a molybdenum plasma-coated paper was interlaminated during the production of a laminate 
board (dimension: 260 x 210mm) with the following individual layers: 

- Commercially available birch plywood (top layer thickness 4mm); 
- Molybdenum plasma-coated paper (intermediate conductive layer);  
- Conductive copper tape (for electrical contacting); 
- Commercially available birch plywood (intermediate layer thickness 15mm); 
- Commercially available birch plywood (base layer thickness 4mm) 

To bond the individual laminate layers, a 2-component epoxy system with hardener from Time Out 
Composites was used. The resin (SICOMIN SR GreenPoxy 33) and the hardener (SICOMIN SZ8525) 
were mixed in a gravimetric mixing ratio of 100:24. The resin system (amount of 140g/m2) was applied 
directly to the materials to be bonded and was spread evenly by a squeegee, removing excess resin. 
To contact the conductive structure, a one-sided adhesive copper conductive tape was interlaminat-ed. 
The epoxy resin-bonded laminate was then pressed in a laboratory press (SUT-PUK 1600 from Svo-
boda) at a temperature of 100°C for 10min at a pressure of 100N/cm².  

For demonstration, an interactive board was produced by integrating an electrical circuit with touch 
and proximity switching functions into the conductive laminate composite. For this purpose, notches 
were milled up to the level of the copper conductive tape in order to achieve electrical contacting. To 
check the conductivity of the laminate, electrical resistance measurements were carried out using a 
multimeter FLUKE 175 True RMS. 

3. Results and Discussion 

3.1. Magnetron sputtering trials on paper and wood-based materials 

The first test series failed as a result of an increased moisture release of the solid wood and fibre-
board samples as well as the outgassing of wood constituents. Due to the sample dimensions of 10 x 
4cm or 10 x 10cm and thicknesses of 16mm, 19mm and 25mm as well as the high loading of the cham-
ber with 9 samples (3 ash wood, 3 larch wood and 3 MDF samples), the moisture release of the wood-
based materials was probably too high for the build-up of a high vacuum. Furthermore, it was assumed 
that the solid larch wood in particular had a negative effect on the sputtering process due to its natural, 
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high resin content. After the end of the process, resin leakage was observed on the sam-ple surface. 
An outgassing of MUF resin from the MDF board could have further disrupted the pro-cess. Therefore, 
in series 2 the load in the chamber was reduced to 6 sample pieces (2 pieces each). As a result, the 
process pressure was significantly improved. However, a process stabilization was also not achieved 
and hence, a purely metallic deposition not possible. Rather, using tungsten as target material, an oxidic 
layer (tungsten oxide) with a “bluish-green-violet” coloration was deposited on the surface (Figure 3). 
The high concentration of oxygen in the process is likely due to the diffu-sion of oxygen molecules from 
the solid wood. 

 
Figrure 3. Larch wood (left) and MDF (right) samples coated with tungsten (deposition of tungsten ox-

ide) 

In contrast, prosperous results were attained for the deposition of thin metal films on kraft and cellu-
lose fibre papers. Due to the small thickness of the papers and therefore low moisture release, the build-
up of the high vacuum proceeded without any problems. The power-regulated sputtering pro-cess ran 
stably over the process time. This enabled good coating results and a homogeneous (pure-ly) metallic 
coating was achieved (Figure 4). 

 
Figure 4. Kraft paper coated with tungsten (left) and cellulose fibre paper coated with copper (right) 

3.2. Surface properties of metallic coated kraft paper specimens 

Characterization tests were carried out on uncoated and tungsten-coated kraft papers in order to be 
able to analyze defined surface properties of kraft papers and their changes due to a metallic coating 
and to investigate the influence of important sputtering process parameters.  

For this purpose, roughness measurements were performed using a 3D laser microscope to de-
termine specific roughness parameters (Table 1). The results showed a different roughness of the 
smooth and rough paper side. After the tungsten coating, there was a tendency towards a slight in-
crease in the roughness values, whereby differences between the smooth and rough paper side could 
no longer be clearly determined. No differences in roughness were found between the front and the rear 
side of the coated paper, which was sputtered less intensively. Furthermore, the different sputter-ing 
times of 30 and 50min also showed no clear influence. By setting a filter Lc with 800µm, lower roughness 
values and standard deviations were determined, since the waviness (paper curl) was elim-inated from 
the calculation. The mean roughness values Sa amounted to about 4µm for the smooth and 7µm for the 
rough paper side of the base papers and to about 4µm and 6µm for the papers coat-ed with tungsten. 

Table 1. Relevant, surface-related roughness values [µm] of the uncoated and the tungsten-coated kraft paper samples (with 
filter Lc=800 µm) 

Paper sample Sa [µm] Sz [µm] Sp [µm] Sv [µm] Sq [µm] 
Kraft paper uncoated (rough paper 
side) 

6.81 ± 0.31 78.40 ± 10.49 31.07 ± 11.33 47.34 ± 3.48 8.57 ± 0.37 

Kraft paper uncoated (smooth paper 
side) 

4.13 ± 0.29 62.06 ± 13.72 23.37 ± 7.51 38.69 ± 7.55 5.35 ± 0.47 
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Kraft paper with tungsten coated, 
50min (front side) 

4.07 ± 0.24 52.50 ± 4.42 18.77 ± 1.82 33.72 ± 4.38 5.19 ± 0.28 

Kraft paper with tungsten coated, 
50min (rear side) 

5.47 ± 0.38 59.72 ± 5.79 20.98 ± 2.94 38.74 ± 3.73 6.94 ± 0.50 

Kraft paper with tungsten coated, 
30min (front side) 

5.01 ± 0.22 62.45 ± 7.14 24.80 ± 6.03 37.64 ± 1.72 6.41 ± 0.31 

Kraft paper with tungsten coated, 
30min (rear side) 

4.12 ± 0.24 48.61 ± 6.54 19.16 ± 5.25 29.45 ± 1.70 5.25 ± 0.32 

In contact angle measurements of the uncoated kraft papers, high water contact angles of around 
120° and contact angles between 50° and 60° for ethylene glycol and diiodomethane were determined, 
which corresponded to common values for paper samples, with no clear differences between the smooth 
and rough paper side being found. The mean free surface energy of 40mN/m with a low polar component 
of around 1mN/m was in the range of conventional values for untreated kraft paper sur-faces (Table 2). 

In the measurements of the tungsten-coated kraft papers, significantly lower contact angle values 
were determined with all three test liquids. The decrease was particularly significant with water (120° on 
the uncoated papers; between 70° and 80° on the samples coated with tungsten). This generally re-
sulted in higher surface energy values, primarily due to an increase in the polar energy component. A 
shortening of the process time from 50 to 30min had no significant influence on the contact angle and 
thus on the surface energy values. In contrast, differences in surface energy could be determined be-
tween the front side of the coated paper (i.e. the side facing the target during the sputtering pro-cess) 
and the rear side. Above all, the water contact angles on the front had values 10° lower on aver-age 
than those on the rear, which primarily increased the polar component slightly from around 3 to 4mN/m 
to around 7 to 8 mN/m and thus also the total surface energy from about 43 to 45mN/m (Table 2) 

Table 2. Contact angles [°] and free surface energy values [mN/m] of the uncoated and the tungsten-coated kraft paper sam-
ples using water, ethylene glycol and diiodomethane as test liquids 

Paper sample 
Contact angle [°] Free surface energy [mN/m] 

Water 
Ethylene 
glycol 

Diiodome-
thane 

Total Disperse Polar 

Kraft paper uncoated (rough paper 
side) 

122.03 ± 
1.36 

49.91 ± 4.74 60.04 ± 2.39 39.91 38.61 1.30 

Kraft paper uncoated (smooth paper 
side) 

122.37 ± 
1.49 

62.83 ± 2.66 59.04 ± 3.92 37.26 35.85 1.41 

Kraft paper with tungsten coated, 
50min (front side) 

67.36 ± 
3.06 

36.74 ± 1.63 39.82 ± 2.72 45.26 36.55 8.71 

Kraft paper with tungsten coated, 
50min (rear side) 

80.44 ± 
3.83 

37.70 ± 2.56 40.20 ± 2.96 43.07 39.71 3.36 

Kraft paper with tungsten coated, 
30min (front side) 

70.54 ± 
3.75 

32.19 ± 1.21 37.67 ± 2.39 45.94 39.04 6.90 

Kraft paper with tungsten coated, 
30min (rear side) 

78.90 ± 
2.43 

38.77 ± 1.97 41.27 ± 2.52 42.62 38.62 3.99 

3.3. Electrical conductivity of metallic thin films on paper substrates 

In the electrical resistance measurements carried out using an ohmmeter, electrical surface re-sis-
tance values of about 1011Ω were determined for the uncoated kraft papers and of 109Ω for the cellu-
lose fibre samples. In the case of the tungsten-coated kraft papers, electrical resistance values of an 
average of 72Ω on the front side and 7kΩ on the rear side of the sample were measured in the test 
series with a process time of 50min. In contrast, the series with a shortened process time of 30min 
showed significantly higher resistances and standard deviations. In particular, the rear side of the sam-
ples reached an average of up to 100kΩ and locally even maximum values of up to 50MΩ were ob-
served. It can therefore be assumed that a process or sputtering time of at least 40min is required for a 
homogeneous coating of the papers with sufficient layer thickness. With a process time of 25min, re-
sistance values were measured on the front side of the sample of on average between 1 and 2kΩ for 
the cellulose fiber papers and between 200 and 300Ω for the kraft papers. For both, the rear sides of 
the samples were hardly coated and consequently showed higher resistance values and measured de-
viation (kraft paper: 1640kΩ and 5600kΩ; cellulose fiber papers: 20kΩ and 120kΩ). 

Very low resistance values between 2 and 15Ω could be determined for the cellulose fiber papers 
coated with copper which indicated an extraordinarily good electrical conductivity, not least due to the 
significantly lower standard deviation. Accordingly, open-pored or porous cellulose fiber papers are 
equally suitable for a metal coating by means of the magnetron sputtering process. 

In the case of the titanium-coated kraft and cellulose fiber papers with a process time of 25min, 
resistance values were measured between 10 and 20kΩ for the kraft papers and between 30 and 100kΩ 
for the cellulose fiber samples. However, a measurement was only possible on the front side facing the 
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target - the corresponding rear sides of the samples had an inhomogeneous layer or no coating. Raising 
the sputtering time to 50min led to significantly lower electrical resistance values between 2 and 7kΩ for 
the kraft paper samples and 5 and 15kΩ for the cellulose fiber papers. In prin-ciple, the electrical re-
sistance values of titanium films were significantly higher compared to the other tested metallic coatings. 

Table 3. Electrical resistance values [Ω] of the uncoated and PVD-coated kraft paper and cellulose fibre paper samples 

Kraft paper Cellulose fibre paper 

Paper sample Electrical re-
sistance [Ω] 

Paper sample Electrical re-
sistance [Ω] 

Kraft paper uncoated 3.8 ± 0.1 . 1011 Cellulose fibre uncoated 1.9 ± 0.2  .109 
Kraft paper with tungsten coated, 
25min (front side) 

311 ± 22 
Cellulose fibre with copper coated, 
35min (front side) 

6 ± 2 

Kraft paper with tungsten coated, 
25min (rear side) 

3792 ± 1628 . 103 
Cellulose fibre with copper coated, 
35min (rear side) 

10 ± 4 

Kraft paper with tungsten coated, 
30min (front side) 

278 ± 53 
Cellulose fibre with tungsten coated, 
25min (front side) 

1.5 ± 0.5 . 103 

Kraft paper with tungsten coated, 
30min (rear side) 

101.5 ± 86.4 . 103 
Cellulose fibre with tungsten coated, 
25min (rear side) 

79.1 ± 45.3 . 103 

Kraft paper with tungsten coated, 
50min (front side) 

72 ± 17 
Cellulose fibre with titanium coated, 
25min (front side) 

53.5 ± 29.2 . 103 

Kraft paper with tungsten coated, 
50min (rear side) 

6.7 ± 3.3 . 103 
Cellulose fibre with titanium coated, 
50min (front side) 

10.5 ± 3.3 . 103 

Kraft paper with titanium coated, 
25min (front side) 

16.3 ± 4.6 . 103   

Kraft paper with titanium coated, 
50min (front side) 

4.6 ± 2.3 . 103   

3.4. Interactive laminate board 

An interactive laminate board with the interlaminated PVD-coated paper with molybdenum was suc-
cessfully produced (Figure 5). The use of epoxy resin resulted in a compact laminate structure with good 
adhesion properties. Electrical resistance measurements were carried out on the laminate board, 
whereby low resistance values were determined, i.e. in longitudinal direction of the board between 85Ω 
and 110Ω (between two contact points) and across it with 0.2Ω (measurement along the copper con-
ductive tape). The low resistance values already indicated an excellent conductivity. The function-ality 
of the interactive demonstrator was then verified in an electrical circuit with touch and capacitive prox-
imity switch functions. For this purpose, a circuit of a light dimmer was set up, with the left lami-nate 
panel functioning as an on/off-switch and the right panel as a dimmer. The switching functions of the 
light dimmer operated successfully (Figure 5, image 4). 

 
Figure 5. Birch plywood panels pressed with conductive, molybdenum-coated paper and copper tape 
for contacting (image 1); interactive laminate board (demonstrator) with free-milled contacts (images 2 

and 3); demonstration of the capacitive light dimmer switch function (image 4): the left, conductive 
laminate panel has the function of an on/off-switch; the right panel acts as a dimmer. 

4. Conclusion and Outlook 

In PVD-coating trials, solid ash and larch wood, MDF boards as well as kraft and cellulose fibre 
papers were coated with thin metallic (molybdenum, tungsten, copper, titanium) films by means of mag-
netron sputtering. In the case of solid wood and fibre board samples, a purely metallic film dep-osition 
was not possible due to the high moisture release and the diffusion of wood constituents (resin). In 
contrast, successful results were obtained with the paper samples and homogenous metal-lic coatings 
as a result of a stable sputtering process were achieved.  

Roughness measurements were performed using a 3D laser microscope. The results showed the 
different roughness of the smooth and rough paper structure of the uncoated paper samples with the 
tendency towards a slight increase in the roughness values after the tungsten coating. No differences 
in roughness were found due to the different sputtering times of 30 vs. 50min. The mean roughness 
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values amounted to 4µm for the smooth and about 7µm for the rough paper side of the uncoated sam-
ples and values between about 3µm and 6µm for the tungsten-coated papers.  

Contact angle measurements were carried out to investigate the surface energy behaviour. For the 
uncoated kraft papers, high water contact angles of around 120° were determined. The surface energy 
was around 40mN/m with a low polar component of around 1mN/m. A tungsten coating led to lower 
contact angle values, especially with water, and thus to a higher total free surface energy. The less 
sputtered rear side of the tungsten-coated paper samples offered lower surface energy values. How-
ever, a shortening of the sputtering time from 50 to 30min showed no effect on the surface energy 
values.  

In electrical resistance measurements carried out using an ohmmeter, electrical surface resistance 
values of about 1011Ω were determined for the uncoated kraft papers and of 109Ω for the cellulose fibre 
papers. After the PVD coating, significantly lower electrical resistance values were obtained (factor 105-
108 for the tungsten and titanium-coated samples; factor 109 for the copper coated pa-pers). The short-
ening of the sputtering time from 50 to 30min had a decisive influence on the electrical conductivity. This 
was particularly significant for the rear side of the papers showing higher electrical resistance values 
and standard deviations.  

The pressing trials to produce an interactive laminate board using plywood panels and paper coat-
ed with molybdenum as a conductive intermediate layer showed prosperous results. After assembly and 
contacting, the laminates were then used to demonstrate touch and capacitive proximity switch-ing func-
tions. The electrical resistance measurements carried out on the demonstrator provided very good con-
ductivities which made it possible to set up a functioning light dimmer circuit that worked perfectly. 

Current experiments imply the deposition of different metals, alloys and metal oxides and the gen-
era-tion of multifunctional layers to establish the potential for new, innovative applications for wood and 
wood-based materials, such as electrically conductive, capacitive and thermoelectric func-tionalization. 
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ABSTRACT 

In the production of furniture with panels such as particleboard, MDF, plywood etc., it is necessary that 
they are lined with the appropriate overlay material (veneer, foil, laminate). The adhesion strength is a 
key indicator for determining the quality of the lining. The technological approach in the produc-tion of 
curved furniture elements (arches, doors, drawers, etc.) by gluing thin boards is extremely important for 
the non-defective bending and the dimensional stability of the details. The purpose of the study is to 
determine the influence of the type of the adhesive on the dimensional stability of curved furniture made 
of panels. The test bodies with a radius of curvature of 100 mm were produced with a vacuum membrane 
press using HDF lamellas with dimensions 260/100/2.8 mm. For the gluing, three types of adhesives 
suitable for vacuum membrane presses, were used - Jowacoll 103.05 poly-vinylacetate dispersion, 
Jovapur 150.50 polyurethane dispersion and SOUDAL 66A polyurethane ad-hesive for wood. The test 
samples were glued with a vacuum membrane press with a maximum vacu-um of - 0.08 MPa and a 
pressing time of 30 minutes. The dimensional stability was determined by measuring the radius of cur-
vature, before and after the free stay of 24 hours. In addition, the adhe-sion strength between the lined 
material (the veneer) and the substrate was determined. The obtained results were analyzed and pre-
sented graphically. 

1. Introduction 

The technologies and materials for lining and elaborating furniture parts with a complex form are 
key elements in the development of modern furniture production. More laminated composites are in-
creasingly used in the production of furniture details, due to economically aspect of them. The techno-
logical problems in the production of bent laminated furniture parts are related to the difficult definition 
of the technological mode, as well as to the subsequent lining. For the manufacturing and the lining of 
furniture structural elements with complex forms (frontal elements of hulls, decorative panels for wall 
claddings, 3D layered parts, 3D elements lining, etc.), mainly vacuum membrane presses are been 
used. 

In the production of defect-free bent laminated furniture parts, a number of mode factors and qual-
itative indicators act on. On the dimensional stability of the bent-glued details mainly affected the linning 
material (foil or veneer) and the used adhesive. For lining bent-glued details with veneer most commonly 
used adhesives are polyvinylacetate (PVAc)-dispersion, polyurethane (PU) and melamine-formalde-
hyde (MF) adhesive. To accelerate the bonding process, additional heat can be added or high frequency 
heating. (Panayotov and Hikov, 2006). Big importance for the physical and mechanical properties of the 
structural material is the type of the adhesive used and the amount of the adhesive (Petkov, 2014; 
Angelski et al., 2018). In order to achieve minimal shrinkage of the adhesive layer dur-ing its hardening, 
it is recommended for the adhesives to have the highest possible dry residue con-tent (Albin et al., 
1991). Since the PVAc glue allows the adhesion by forming of an elastic film on the surface by distracted 
external forces or internal tensile forces, that are applied on the whole surface of gluing, is also men-
tioned that PVAc glue works against these forces (Altinok 1995; River 1994). 

The aim of the study is to examine the dimensional stability bent furniture boards made of HDF by 
using different types of adhesives and to determine the rational technological mode of manufacturing 
such details, with a vacuum membrane press. The test samples will be evaluated for their dimensional 
stability by considering the change in curvature length, as well as the adhesion strength of the various 
types of adhesive to the lining material. 
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2. Experimental part 

The test samples are made of high-density fiberboard (HDF) with thickness 2,8 mm (produced by 
Kronospan, Bulgaria) and density of 900 kg/m3. For lining material were chosen two types of veneer-
beech with a thickness of 0,6mm and oak veneer with a thickness of 2,2mm (J.A.F., Bulgaria). For 
statistically authenticity of the results were prepared 5 test samples for every research by the two types 
of the veneer. For the manufacturing of the bend furniture boards was used a matrix with a ra-dius of 
curvature of 100 mm. The test specimen is made of 5 lamellas with dimensions 260/100/2.8 mm glued 
by the usage of PVAc dispersion - Jowacoll 103.05, PU dispersion - Jovapur 150.50 and polyurethane 
glue for wood - SOUDAL 66A. The required amount of the adhesives was determined by preliminary 
researches, so that to be the minimal delamination of the samples – 120g/m2 and is reached required 
adhesion strength of the lining materials. The glue is spread on the surface of the lamellas of HDF and 
was strictly measured by the weight method. 

 
Figure 1. Laboratory vacuum press (designed and produced by me) and the matrix with 100mm ra-

dius of curvature 

The test samples are manufactured by a laboratory vacuum press with rubber membrane with a 
thickness of 3mm (Figure 1). The force of pressing is equal to the maximum vacuum of the press (0,08 
MPa). It is determined by preliminary researches and with evaluation of the results (Mihailov et al., 
2017). The gluing and lining of the surface of the test samples has been carried out in a joint (“short-
ened”) technological mode. The aim was to optimize the production method and to explore the influence 
of the lining material on the dimension stability of the bent laminated components. This will be the basis 
for comparison with the “classical” technology, where the bent board is first laminated and lined after-
wards. By preliminary researches (Mihailov et al., 2018) was determined the minimal border radius of 
curvature of bending lamellas HDF with thickness 2,8mm. The L-shaped matrix is with radius of curva-
ture of 100 mm (Figure 2). Through a graphically methodology the deference in inner radius of the test 
samples is determined, in two important moments – when removing the test sample of the matrix (0 h) 
and after 24h of free stay (after pressing stay).   

After the 24h of free stay to determine the adhesion strength of the veneer to the bent furniture board 
was defined by a standardized peel-off method with a glued stamp (Merdzahnov et al., 2018). This 
method is similar to the pull-off test for coating adhesion EN ISO 4624:2016 and is presented in Figure 
2. The tensile forces are spread via a cylindrical steel body (stamp), attached to the veneer by a cy-
anoacrylate adhesive. On the edge of the steel stamp (3) the veneer is interrupted by a cut in depth 
equal to the depth of the coating material and the adhesive. Next to the mobile bar (7) of the testing 
machine “Heckert – FP 100”, “U”-shaped clips are attached (6). The fixed part of the machine is embed-
ded with a chain (1), whose second end is connected to the steel body via a metal pin (2) that passes 
through the chain and stamp holes. The clip shoulders are connected to the sample from the side of the 
cut veneer. The speed at which the adhesive compound is tensile loaded is 20 mm/min. The load applied 
to the sample is increased gradually until the veneer is separated (peeled off) from the substrate. The 
destruction of the adhesive compound can be adhesive (between the substrate and adhesive layer) or 
cohesive (within the adhesive layer itself). By the reported destruction force the adhesive strength of the 
compound was determined. 



Proceedings of the first international  
“Salzburg Conference for Smart Materials”  

at the FH-Salzburg: Campus Kuchl: September 16-17, 2021 

Full Paper 95 

 
Figure 2. a - Test method, b - cylindrical steel stamp connected to sample, c – laminated sample and 

the steel stamp for the pull-off test (EN ISO 4624:2016) 

3. Results  

The findings of the study revealed that the defect-free production of bent-glued details is essential 
to determine the time of reaching the given vacuum and the duration of active vacuuming. In order to 
determine the time, required to achieve minimal adhesion strength, a preliminary study was carried out. 
The following values were determined for the three types of adhesives - 30 min at a vacuum of -0.08 
MPa, while by PU dispersion and PU wood glue, it was necessary of using additional heat of 750C. By 
the use of PU dispersion, it is necessary for the activation of the adhesive and to obtain the adhesive 
forces between the glued lamellas. For PU wood glue the additional heat is needed for shorting the time 
for hardening of the adhesive of 3h (required time for cold bonding) to 30min. 

After the manufacturing of the test samples, the initial form of the furniture bent board was marked 
at the 0h. Subsequent comparison of the form was carried out by graphical method after 24h of free 
stay. The obtained data of the dimensional stability of the test samples, with the used adhesives are 
presented on Figure 3.  

By the test samples glued with PVAc dispersion, it can be seen opening of the ends of the sam-
ples, that means enlargement of the radius of curvature within 24h. The enlargement by using of beech 
veneer with thickness of 0,6 mm is 3 mm and in using of oak veneer with thickness of 2,2 mm is 4 mm. 
The difference between the two veneers, can be considered as insignificant because it is within the 5% 
error. The opening of the ends is also due to the fact that that when PVAc adhesives for reaching of the 
full curing of the adhesive layer it is necessary additional time of 24h. Despite, the lower than the rec-
ommended by the manufacturer, consumable norm (160-200 g/m2), it can be observed a so-called 
creep behavior, which is read by the opening of the shoulders of the test samples. 

By the test samples glued with PU dispersion closing of the ends of the samples can be ob-served, 
which means the radius of curvature decreases. This fact is due to the additional introduction of heat of 
750 C, needed for the activation and curing of the adhesive layer. During the process of hardening of 
the adhesive, surface stresses emerge in the adhesive layer. It does not matter if the lining material is 
a thin 0,6mm veneer or a thick 2,2mm veneer, as all of the test samples are closing the end. Also, the 
shoulders of the test samples are moving so the radius of the curvature decreases. When using beech 
veneer the average difference (between the 0h and the 24h of free stay) is 1,8 mm. With oak veneer it 
is significantly higher- 3 mm, but they are below the 5% error. 

By the test samples glued with PU wood glue and those with PU dispersion, it is monitored clos-ing 
of the ends of the test samples. By the test samples made with PU wood glue it can be observed a 
difference in the movement of the ends of the test sample depending of the type of the veneer. Unlike 
the other two types of adhesives, where the ends open more with lined with oak veneer, here the bigger 
t-value of opening have the specimens lined with beech veneer. For test samples lined with oak veneer 
with thickness of 2,2 mm the average difference in the opening is 3 mm, as by those lined with beech 
veneer with thickness of 0,6mm is 3,6 mm. This occurs due to the additional heat, that liquefies of the 
adhesives and it passes through the thin beech veneer. On the other hand, additional head leads to 
plastification of the used wood materials.  
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Figure 3. Initial radius of the curvature of the test samples in the 0h and its variation after 24h of free 

stay 

For the test samples made with PU adhesives, as a major defect it is monitored the large amount of 
glue passed through the used veneer (with thickness 0,6 and 2,2 mm). Another major disadvantage is 
the deformation of the corners at the ends of the test samples. This is due to the high temperature and 
extended vacuuming of the samples, by this way the lamellas are plasticized and become elastic, alt-
hough the rubber membrane is evenly distributing the pressure. 

 
Figure 4. Test samples: a – lined with beech veneer 0,6mm; b – lined with oak veneer 2,2mm 

After the 24 h to the test samples were glued metal stamps necessary for determine the adhesion 
strength to standard EN ISO 4624:2016. For furniture constructive elements it is recommended that this 
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value should be not less than 1,2 N/mm2. The data for adhesion strength is presented in Figure 5. In 
this experiment it was found that the lowest adhesion strength occurs by using PU dispersion (by con-
sumable norm of 120 g/m2). For the test samples lined with beech veneer with a thickness of 0,6 mm, 
the average value is 0,5 N/mm2, as those lined with oak veneer with thickness of 2,2 mm, the average 
value is 0,65 N/mm2. Satisfactory indicators show the PVAc dispersion – for the beech ve-neer 0,6mm 
it‘s 0,84 N/mm2, as by the oak veneer 2,2 mm it’s 1,27 N/mm2.The best adhesion strength showed the 
PU wood glue – for the beech veneer 0,6 mm it’s 0,66 N/mm2 , as by the oak veneer 2,2 mm it’s 1,53 
N/mm2. The test samples lined with oak veneer have higher adhesion strength, as those with beech 
veneer. This relationship is for all three types of used adhesives. 

 
Figure 5. Adhesion strength of bend veneered boards for furniture after 24h free stay 

The higher adhesion strength of the adhesive compounds obtained using PU adhesive is due to the 
additional temperature of 750C. It reduces the viscosity of the adhesive and easily to soak through the 
wood surfaces, thus achieving higher adhesion strength of the adhesive compounds. All the destruc-
tions of test bodies with 0.6 mm beech veneer in the pull off test are cohesive. The destruction is in the 
surface layer of the HDF lamellas. By the test bodies lined with 2,2 mm thick oak veneer, the de-struction 
is a mixed type, as the majority is cohesive (breakage in the oak veneer). 

4. Conclusion 

Based on the research for producing bend furniture boards with lamellas of HDF, the following con-
clusions could be made: 

- The technological mode for manufacturing and lining of bend furniture panels is rational and 
applicable in production conditions. This is confirmed by good dimensional stability of the 
test sam-ples; 

- The dimensional stability is strongly influenced by the type of the used adhesive. For test 
samples glued and lined with PVAc dispersion creep was observed, which is recorded by 
the opening of the shoulders of test samples. By the use of PU dispersion and PU wood 
adhesives the radius of curvature is decreasing, by the additional temperature of 750C. This 
leads to the occur of stresses in the adhesive layer and the shoulders of the test samples 
to close; 

- The adhesion strength of the adhesive compounds, is satisfactorily for the three types of 
ad-hesive systems (Jowacoll 103.05, Jovapur 150.50, SOUDAL 66A) by consumable norm 
of 120 g/m2;  

- The best adhesive strength by the test samples lined with the use of PU wood adhesive and 
oak veneer. This is due to the additional heating (750 C), by which the adhesive is liquified 
and it is spread more evenly on the surface pf the glued materials; 

- By the additional heating (750 C), it is observed that the adhesive passes through the ve-
neer, as well as a change in the corners of the test samples. 
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