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ABSTRACT

By covering interiors, such as walls, ceilings and floors, with wooden surfaces, one can change the
quality of indoor environments and thereby affect both psychological and physiological responses.
Psychological responses refer to individuals’ emotional reactions toward interiors, while
physiological responses include changes in the activity of the brain, the autonomic nervous
system, the endocrine system, and the immune system. The above-mentioned responses
considered in this study are those caused by visual, auditory, olfactory and tactile stimulation
from interior wooden surfaces. Although earlier studies have presented valuable information on
this subject, questions remain about the material properties of wood which are associated with
the stimulation. Specifying the material properties can support architects, designers and
engineers who intend to use wood in interiors for improving psychological and physiological
responses. A literature study therefore has been conducted to determine (i) the material
properties of wood which are associated with sensory stimulation, and (ii) to specify relevant
recommendations or requirements which should be fulfilled when covering interiors with
wooden surfaces. The results show a lack of knowledge regarding the material properties of
wood and the degree in which it affects sensory stimulation.
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1. Introduction

The use of wood in construction has endured for centuries in
Sweden. According to Schauerte (2010), in 2010 wooden
single-family houses in Sweden accounted for about 90% of
the market share. There has also been an upward trend in
using wood for constructing multi-family houses in the
country (Mahapatra and Gustavsson 2009). Historically, the
accessibility of wood materials has had a profound influence
on the popularity of wooden buildings in Sweden (Schauerte
2010). Furthermore, wood materials generally have a lower
environmental impact when compared with other construc-
tion materials (Hemstrom et al. 2010). A study by Gustavsson
et al. (2006) showed that the net carbon dioxide emissions of a
wooden building with a coal-fired condensing plant for gen-
erating electricity were about 66.8 tonnes less than in a
similar building with a concrete frame. during its 100-year
lifetime.

In addition to environmental impacts, several studies have
analysed how covering interiors with wooden surfaces' can
change the quality of indoor environments and thereby
affect people’s health and their psychological and physiologi-
cal responses. Psychological responses signify individuals’
emotional reactions towards wooden surfaces in interiors
(Nyrud and Bringslimark 2010). Nyrud and Bringslimark
(2010) have summarised psychological responses to wood
materials into three main categories: (i) the perception of
wood, which involves cognition and sensation processes, (ii)
preferences regarding wooden surfaces in interiors, which

concerns aesthetic evaluations, and (iii) emotions produced,
based on changes in physiology due to exposure to
wooden surfaces in interiors.

Psychological responses to wooden surfaces in interiors
comprise changes in the activity of the brain, the autonomic
nervous system, the endocrine system and the immune
system (lkei et al. 2017). These changes are caused by visual
(Nordvik et al. 2009, Fujisaki et al. 2015), auditory (Fujisaki
et al. 2015), olfactory (Bysheim et al. 2016) and tactile stimu-
lation (Bhatta et al. 2017), in this case associated with
wooden surfaces in interiors.

Although previous studies have analysed the role of
sensory stimulation in changing the psychological (Nyrud
et al. 2010, Jiménez et al. 2016, Rice et al. 2007) and phys-
iological responses (Sueyoshi et al. 2004b, Li et al. 2006,
Sakuragawa et al. 2008, Burnard and Kutnar 2015, Park
et al. 2017), they provide no explanation of how the
material properties of wood cause these changes. Deter-
mining these properties is essential, since it may provide
possibilities for the development of further wood treat-
ments (Strobel et al. 2017). Furthermore, it allows replacing
other materials with wood, which leads to an improvement
in indoor environmental quality and health. According to
Kats et al. (2003), Fisk and Seppanen (2007), Seppdnen
and Fisk (2006), and Wargocki (2003), improving health
can also bring economic benefits. For this purpose, this lit-
erature study aims to determine the material properties of
wood which are associated with sensory stimulation. In
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addition, this literature study specifies relevant recommen-
dations provided by previous studies, by Swedish stan-
dards and by building rating certifications regarding the
use of interior wooden surfaces.

2. Methodology

This study was based on a systematic literature review. The
literature review aimed to search for studies which ana-
lysed only the correlation between sensory stimulation
associated with wooden surfaces in interiors and related
changes in physiological responses. The literature study
was carried out in the Scopus database using four main
keywords and phrases: “wood”, “human psychology”,
“human physiology” and “material property”. The primary
search terms resulted in almost 153 studies. The search
terms were subsequently narrowed down to include only
English-language studies published between 2000 and
2018 (Table 1).

In addition, the subject area was limited to “medicine”,
“neuroscience”, “biochemistry, genetics and molecular
biology”, “psychology”, “material science”, “social science”,
“pharmacology, toxicology and pharmaceutics”, “immunology
and microbiology” and “nursing”. The evaluated studies
included published journal articles, conferences, review
articles, reports, and book chapters.

The abstracts of the studies found were read, and the rel-
evant ones were selected for critical evaluation. After applying
the pre-selection limitations, 52 studies were found eligible
and analysed.

The search for requirements and regulations regarding the
use of interior wooden surfaces was accomplished by review-
ing the related Swedish standards, including “Light & Room,
the guide for planning of indoor lighting” (Mansson 2003),
SS25667 and SS25668 (Swedish Standard Institute 2018),
and chapters from Building Regulation 2015 (National board
of housing building and planning 2015a). Furthermore,
three building rating certifications were reviewed, including
Sweden Green Building Council certification (Miljébyggnad
in Swedish) (SGBC 2017), WELL certification from the Inter-
national WELL Building Institute (IWBI 2018), and the Living
Building Challenge standard from the International Living
Future Institute (LBC 2016).

3. Results

First, the material properties of wood, which are associated
with visual, olfactory, auditory and tactile stimulation are dis-
cussed. Later, the available recommendations and require-
ments for covering interiors with wooden surfaces are
presented.

Table 1. Search terms used in the Scopus database.

Found Eligible after
Search terms studies pre-selection
wood AND (human AND physiology 153 52
OR human AND psychology OR
material AND property)

Scopus
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Material properties associated with visual stimulation

Visual stimulation from a wooden surface is dependent on the
colour, structure, surface treatment and the presence of
knots? (Nyrud and Bringslimark 2010). The characteristics of
knots vary among different species of tree, including their
size, shape, homogeneity, colour, distance between knots
and the number of knots on the surface of the wood (Hgibo
and Nyrud 2010, Ross 2010). A study by Nakamura and
Kondo (2007) shows a positive linear relationship between
the number of knots exposed in wooden surfaces in interiors
and eye fatigue, which can be accompanied by eye strain and
headaches (Aries et al. 2015). Eye strain occurs due to the
tightness of the ciliary muscles, which changes the shape of
the lens in the eye (Aries et al. 2015) and can cause difficulties
in learning and information processing (Edwards and Torcel-
lini 2002). Furthermore, eye fatigue can lead to higher levels
of stress and anxiety (Edwards and Torcellini 2002).

The colour of the wood depends on the direction of
radiated light and the chemical composition, including extrac-
tives, lignin, cellulose, and hemicellulose (Hon and Shiraishi
2000, Strobel et al. 2017). One part of the radiated light
enters the wood cells and is absorbed by voids and pigments,
while the other part is emitted through reflection and trans-
mission (Hon and Shiraishi 2000). In general, wood emits
long-wave light and is therefore perceived as having a
yellow-to-red hue (Nyrud and Bringslimark 2010). Light
falling in the eyes reflected from interior wooden surfaces
can trigger the visual cortex in the brain and thereby affect
cognition performance, including analysing, memorising
and reasoning processes (Dzulkifli and Mustafar 2013, Aries
et al. 2015). Dzulkifli and Mustafar (2013) have claimed that
long-wave colours with a yellow-to-red hue can improve cog-
nitive performance. Furthermore, the aromatic lignin com-
ponent in wood can absorb a high amount of ultraviolet
light (Kutz 2005), creating a comfortable environment for
the eye. According to Van Kuijk (1991), ultraviolet exposure
can cause degradation of the retina (the innermost layer of
the eye). Multiple studies have discussed the benefits of the
colour of wood on cognition performance and eye health.

On the structure of wood, Hirata et al. (2012) say that “the
anatomical level relief structure of wood surfaces induces
light to scatter and diminish surface glare”. Scattering the
light can decrease perceived glare and increase luminance
value (Watchman et al. 2016). In general, reduced glare and
an adequate luminance value can decrease the incidence of
eye fatigue, eye strain and headaches (Aries et al. 2015),
thereby reducing perceived stress (Edwards and Torcellini
2002). In a similar way, wood surface treatments can
provide uniform light distribution and thereby decrease per-
ceived glare (Watchman et al. 2016). According to Tell
(1990), wood stain, clear varnish, and film-forming paint are
the three main surface treatment techniques in Sweden.
Applying surface treatments to wooden surfaces used in
interiors can change their light emittance and absorption
(Keeler and Vaidya 2016, Kreith and Chhabra 2017). The emit-
tance of a surface comprises the surface transmittance and
reflectance values. The Room and Light standard demands a
reflectance value of 60%, 80% and 20% for walls, ceilings,
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and floors in office buildings respectively, while it provides no
requirements for reflectance values in residential buildings
(Mansson 2003).

Although multiple studies analysed the changes in phys-
iological responses associated with visual stimulation from
interior wooden surfaces, they provided no information
regarding the material specifications of the wood used in
the experiments. To draw a conclusion as to whether
changes in physiological responses are associated with the
colour, structure, surface treatment or knots in wood, is
therefore amiss. For instance, Tsunetsugu et al. (2002) and
Tsunetsugu et al. (2007) analysed the effects of visual stimu-
lation from the wooden surfaces in different living rooms on
blood pressure, heart rate and rCBF. The rCBF refers to the
specific amount of blood being circulated in a particular
part of the brain (Sharma 2011). Sakuragawa et al. (2005)
evaluated changes in blood pressure associated with visual
stimulation from wood surfaces and white steel surfaces on
walls. The wood species had not been specified in the
studies mentioned above. Generally, visual stimulation
associated with wooden surfaces in interiors was found to
have positive effects on physiological responses, which
resulted in a reduction in respondents’ perceived stress.
The small sample size of respondents, and the short
exposure time in performing experiments, limited the deri-
vation of a conclusion based on evidence. According to
Kansara (2013), respondents’ reactions should be evaluated
over short-, medium- and long-term periods. Furthermore,
Sakuragawa et al. (2005) included only male respondents in
the experiment, which causes concerns when interpreting
the results.

The Swedish Green Building certification evaluates the
visual environment based on the amount of daylight
coming through the windows. Although the amount of day-
light is affected by the reflectance value of the walls, ceiling,
and floor, it is also highly dependent on window size.

The WELL building certification evaluates visual environ-
ments by quantifying the amount of light, glare, uniformity
and colour rendering index of electrical lighting (IWBI 2018).
Furthermore, the certification recommends designers to
ensure a minimum glazing area, along with a shading and
lighting control system (IWBI 2018).

The Living Building Challenge standard emphasises bio-
philia theory in building design by incorporating environ-
mental features, natural shapes and forms, natural patterns
and processes, light and space, place-based relationships
and evolved human-nature relationships (LBC 2016). For this
purpose, the certification encourages the use of wood in
interiors. However, the current Living Building Challenge stan-
dard, which was applicable at the time of conducting this lit-
erature review (2018), did not present an approach for
evaluating visual environment.

The above-mentioned studies and certifications provide
no recommendation regarding knots, colour or structure of
interior wooden surfaces which can affect visual stimu-
lation and improves the visual environment (Tsunetsugu
et al. 2002, Sakuragawa et al. 2005, Tsunetsugu et al.
2005, Tsunetsugu et al. 2007, LBC 2016, SGBC 2017, IWBI
2018).

Material properties associated with auditory
stimulation

The auditory stimulation from interior wooden surfaces
depends mainly on the wood’s acoustic performance. The
acoustic performance of wood can be determined by its com-
position, surface treatment, type of mounting, geometry
(Bucur 2006) and density (Wegst 2006). The composition of
wood includes its anisotropic, hygroscopic and viscoelastic
composition (Rowell 2012). Anisotropy refers to the variations
in wood properties in three different directions: longitudinal,
radial and tangential. In the presence of moisture, the longi-
tudinal swelling is negligible (Wood Handbook 2010), but
the tangential grain direction can swell about twice as
much as in the radial grain direction, due to its higher
density (Rowell 2012). A higher moisture content can deterio-
rate the acoustic properties of wood, since it changes the
microstructure of the cell walls (Wegst 2006, Rowell 2012).
The viscoelastic composition of wood refers to polymers in
the cell walls; this includes crystalline cellulose polymers as
the elastic phase, and nanocrystalline cellulose polymer as
the viscous phase (Rowell 2012). A vibration in the wood is
transmitted more quickly through the elastic phase of the
cell walls than through the viscous phase (Rowell 2012). The
crystalline cellulose polymers are oriented in the longitudinal
direction (Kurjatko et al. 2006). Therefore, a vibration in the
longitudinal direction travels faster in comparison with the
other two directions. The hygroscopic composition refers to
the influence of absorbed water molecules in reducing the
elastic properties of the cell walls (Ozyhar et al. 2013).
Various treatments were previously used to control the moist-
ure content in the wood, including heat treatments (Dubey
et al. 2012, Esteves et al. 2017) and chemical treatments
(Obataya et al. 2001). According to Standard SS-EN 14298
(2017) issued by the Swedish Standard Institute, the moisture
content for wooden floors should be between 7% to 9%.
However, it provides no requirement regarding moisture
content in wooden surfaces used on walls and ceilings.
Surface treatments including wood stain, clear varnish, and
film-forming paint, can affect acoustic performance by modi-
fying damping, stiffness, and mass (Bucur 2006). Damping
refers to the dissipation of sound in wood (U.S. Department
of Agriculture et al. 2007). Results presented by Trichkov
and Bardarov (2010) show that damping was increased by
increasing the quantity of clear vanish. Additionally, the
type of mounting (Godshall and Davis 1969) and the geome-
try of the wood, including its thickness (Seddeq 2009), can
affect the sound absorption coefficient and thereby modify
the acoustic performance of wood. Density is the other impor-
tant factor which characterises the acoustic performance of
wood (Wegst 2006). Accordingly, treatments which can alter
the density of the wood can change its acoustic performance.
Compression in the transverse direction of wood and impreg-
nation methods are two examples which can increase the
density of wood materials (Sandberg et al. 2013). In general,
wood has poor acoustic insulation properties when compared
with other construction materials (Bucur 2006). However,
sound absorbing panels, such as perforated wooden panels,



were previously used to absorb sound in interiors, such as in
cinemas (Song et al. 2016, Shengwo and Fangshuo 2010)
The National Board of Housing, Building and Planning in
Sweden, which authorises policies and supervises procedural,
legislative and architectural plans, provides no separate
acoustic recommendations for surface treatment, type of
mounting or geometry (National board of housing building
and planning 2018). Instead, the authority specifies the
minimum differences in sound pressure between the
outside and inside of residential and office buildings and
also between different spaces within the buildings (National
board of housing building and planning 2015b). Furthermore,
the Swedish Standard Institute has issued 5525267 and
$525268 standards for residential and office buildings respect-
ively (Swedish Standard Institute 2018). The above-mentioned
standards include four different classes for evaluating the
acoustic performance of buildings: A, B, C and D (Swedish
Standard Institute 2018). Class A corresponds to the best
acoustic performance, while class D refers to the poorest
(Swedish Standard Institute 2018). Acoustic performance
class C complies with the requirements issued by the Board
which should be fulfilled in the construction of new buildings
(National board of housing building and planning 2018).
Several studies analysed the relationships between audi-
tory stimulation in wooden buildings and physiological
responses. However, these studies provided no information
regarding material specifications of the wood used in the con-
struction of the buildings, namely the composition, surface
treatment, type of mounting and geometry of the wood.
For instance, Sueyoshi et al. (2004a) analysed the effects of
heavy floor-impact sounds on changes in respondents’ blood
pressure and peripheral blood flow (the circulating blood in
the body) in a wooden building. Furthermore, they evaluated
respondents’ sensitivity to the sounds. Sueyoshi et al. (2004b)
studied changes in the systolic blood pressure to different
prolonged floor-impact sounds in a building with wooden
flooring. Park et al. (2017) analysed the effects of various
sounds on heart rate, skin conductance and respiratory rate
in a building with wooden flooring. The respiratory rate
refers to the measurement of breaths per minute. The
above-mentioned studies did not specify the wood species
used in the construction of buildings or floor coverings. The
results presented indicate that physiological responses to
sound are indeed dependent on individual sensitivity more
than on the sounds or their pressure levels. The findings are
in accordance with the results presented by Hume and
Ahtamad (2013) in that sound impact resources at different
pressure levels have no significant effect on physiological
responses. However, the above-mentioned studies only con-
sidered respondents identified as male or female. In addition,
they provided no insight into how changing the setting for an
experiment could affect the results. The inclusion of a larger
sample size and a wider age range would allow for generalis-
ing the results. The risk of serial position effect® in these
studies may also prevent derivation of a more robust
conclusion.
The Swedish Green Building certification evaluates the
acoustic performance of buildings by analysing four par-
ameters: sound from indoor installations or background
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sound, stage sound, air sound and outside sound (SGBC
2017). The certification demands minimum requirements for
these parameters in both residential and office buildings
(SGBC 2017).

The WELL building certification specifies different sound
level requirements for various spaces in residential, office
and educational buildings (IWBI 2018). Furthermore, the cer-
tification asks designers to ensure acoustic comfort by speci-
fying requirements for surface finishes and reverberation time
based on the room functionality (IWBI 2018).

The health and happiness petal of Living Building Chal-
lenge aims to create a healthy and robust indoor environ-
ment. However, no specific recommendation was found
regarding the acoustic performance of buildings (LBC 2016).

None of the studies analysed, or the certifications, pro-
vided any specific recommendations regarding the compo-
sition, surface treatment, type of mounting or geometry of
wood for improving the acoustic performance of buildings.

Material properties associated with olfactory
stimulation

The effects of olfactory stimulation from wood on physiologi-
cal responses depend strongly on the chemical composition
of the wood, including volatile extractives (Navi and Sandberg
2012) and the subjects’ individual differences in sensitivity
towards olfactory stimulation (Brand and Millot 2001, Lund-
strom et al. 2003). The emission of extractives is mainly
affected by moisture content (Huang et al. 2016). The mono-
terpenes group of substances, which include different organic
extractives, represents the most volatile extractives in woods
(Granstrom 2005). The composition and amount of monoter-
penes in wood is strongly dependent upon a tree’s age, its
species, its genetics and the time of the year (Granstrdm
2005). Furthermore, the monoterpenes group of substances
varies among individual plants and can be found in the
resin (Granstrdm 2005). The resin in Scots pine and Norway
Spruce, which are the most common conifers in Sweden, con-
sists of about 25-30% of monoterpenes (Granstrém 2005).
The dominant extractives of the monoterpenes group in
Scots pine are a-pinene, 3-carene dominate and B-pinene,
while they are a-pinene, B-pinene and 3-carene in Norway
spruce in descending order of quantity (Granstrém 2005).
The majority of studies concentrated on volatile extractives
from a single species, and analysed their effects on physiologi-
cal responses. For instance, lkei et al. (2015a) analysed the
effects of olfactory stimulation caused by emissions from
air-dried and high temperature-dried Japanese Hinoki
cypress (Chamaecyparis obtusa) wood chips on oxygenated
haemoglobin concentration (oxy-Hb) in the prefrontal
cortex. In another attempt, lkei et al. (2015b) analysed the
effect of olfactory stimulation caused by emissions from
Hinoki cypress (C. obtusa) leaf oil on heart rate variability
(HRV), and on oxy-Hb. HRV describes the variation in time
intervals between heartbeats (Marek and MD 1996). The
type of the emitted extractive considered in this study
remained unspecified. In another study, lkei et al. (2016)
studied the effect of olfactory stimulation caused by a-
pinene from Japanese cedar (Cryptomeria japonica) wood
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chips on HRV and the heart rate. Hiruma et al. (2002) con-
sidered only Hiba oil, extracted from Thujopsis dolabrata
species, and analysed the effect of its odours on contingent
negative variation (CNV). CNV is defined as “an event-
related brain potential (ERP) that occurs prior to an expected
stimulus that usually requires an action” (Hiruma et al. 2002).
However, the type of the emitted extractive from Hiba oil was
not specified. Joung et al. (2014) concentrated on D-Limonene
as a single extractive and studied its effect on HRV and the
heart rate. However, no information was provided about the
species from which D-Limonene was extracted. Li et al.
(2009) studied the effects of odours from an oil extracted
from Hinoki cypress (Chamaecyparis obtuse) on the activity
of natural killer cells and on concentrations of adrenaline
and noradrenaline in urine, known as stress hormones.
Natural killer cells contribute to the death of virus- or
tumour-infected cells (Li et al. 2006), and thereby have an
important role in boosting the immune system. Emitted
extractives included a-pinene and pB-pinene. Dayawansa
et al. (2003) analysed the effect of cedrol inhalation, extracted
from cedar wood oil, on the heart rate, blood pressure, respir-
atory rate, and parasympathetic activity. The species, from
which cedarwood oil was extracted remained unspecified.

Only a single study was found which considered different
species in their experiments (Bamba and Azuma 2014). The
wood species included Japanese Cedar (Cryptomeria cedar)
and Hinoki cypress (Chamaecyparis obtuse). Samples were
taken from trees of different ages, drying conditions and
growing locations. Furthermore, Bamba and Azuma (2014)
included Poplar plywood in the experiments, and analysed
its effect on oxy-Hb. The extractives comprised Formaldehyde,
Acetaldehyde, Acetone, Isooctane, Heptane, Toluene, Octane,
Nonane, a-Pinene and Limonene. The results show a signifi-
cant change in oxy-Hb when respondents were exposed to
plywood. This was because plywood emitted a higher quan-
tity of Formaldehyde than the other samples. No explanation
was presented whether variety in age, drying conditions or
growing location, affected any changes in oxy-Hb.

Brand and Millot (2001), and Lundstrom et al. (2003),
studied individuals’ sensitivity toward olfactory stimulation.
The results presented showed a tendency for women to be
more sensitive towards olfactory stimulation than men. The
role of gender in sensitivity towards olfactory stimulation
may have an evolutionary basis (Brand and Millot 2001).

The above-mentioned studies used various odours from
different wood species in their experiments, which led to
inconsistency in the results. Furthermore, the studies con-
sidered mostly respondents identified as only male or
female. Evaluating a larger age range, extending the exposure
time, and analysing the correlation between individual sensi-
tivity and physiological response, can strengthen the results
and help to arrive at a conclusion. Furthermore, the above-
mentioned studies provided no information on how the
variety in age, genetics and the time of the year, could
change the composition and amount of extractive, and
thereby affect the physiological responses.

The Swedish Green Building certification sets requirements
for ventilation systems to improve indoor air quality and to
ensure a comfortable environment for occupants in

residential and office buildings (SGBC 2017). However, the cer-
tification provides no recommendations regarding the chemi-
cal composition of wood, including volatile extractives which
influence olfactory stimulation.

The WELL building certification considers holistic design
strategies to improve air quality by mitigating harmful con-
taminants and volatile organic compounds (IWBI 2018).
However, the certification provides no recommendations
about levels of volatile extractives in wood, which can affect
olfactory stimulation.

The Living Building Challenge aims to promote good
indoor air quality by (i) adopting the latest version of Ameri-
can Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) 62; (ii) prohibiting smoking within build-
ings; (iii) monitoring indoor air quality before and nine
months after occupancy; (iv) adopting the California Depart-
ment of Public Health (CDPH) Standard Method v.1.1-2010
for all interior products which emit volatile organic com-
pounds; (v) considering exhaust systems for janitorial areas,
kitchens, and bathrooms; (vi) considering an entry which
can reduce particulates brought in on shoes; and (vii) specify-
ing a protocol which ensures the use of cleaning products car-
rying the Environmental Protection Agency (EPA) Design on
their Environment label. However, the certification gives no
recommendations about volatile extractives from wooden
surfaces to be used for interiors.

Material properties associated with tactile stimulation

According to Wang et al. (2000), the effects of tactile stimu-
lation on physiological responses, which includes skin temp-
erature, depend on the heat flux of materials. Heat flux is
controlled by the thermal conductivity of materials, and temp-
erature differences between the skin and the material with
which it is in contact (Wang et al. 2000). In general, the
thermal conductivity of wood and wood-based materials is
lower than other materials commonly used to cover interiors,
such as tile, marble, and concrete (Wang et al. 2000, Yasar and
Erdogan 2008).

The thermal conductivity of wood depends on its moisture
content, density, grain direction, the content of extractives,
and its structural irregularities, including knots, checks, and
temperature (Glass and Zelinka 2010). The thermal conduc-
tivity of wood is increased by augmenting either moisture
content or density (Glass and Zelinka 2010). However, in a
stable condition, the thermal conductivity of wood in the
longitudinal direction can be 1.5-2.8 times greater than in
the radial or tangential directions (Glass and Zelinka 2010).

The thermal conductivity of wood can be altered by apply-
ing heat treatments, chemical treatments and surface treat-
ments (Rowell 2012, Olarescu et al. 2015, Sair et al. 2017),
which can modify or preserve the moisture content in wood
and thereby affect its thermal conductivity (Obataya et al.
2001, Fredriksson 2010, Dubey et al. 2012, Esteves et al. 2017).

The majority of the studies analysed the effect of tactile
stimulation on changes in physiological responses through
contact with various materials with different thermal conduc-
tivity. For instance, Wang et al. (2000) analysed the effect of
tactile stimulation caused by different materials on changes



in the temperature of the skin at the tip of the middle finger,
on the palm and on the back of the hand. The materials com-
prised nine types of solid woods, five types of wood-based
materials, four types of inorganic materials and three types
of other material. Morikawa et al. (1998) studied the effects
of tactile stimulation on systolic blood pressure through
contact with Sugi woods (C. japonica) with planed and sawn
surfaces, Hinoki woods (Charnaecyparis obtusa) with a sawn
surface, stainless steel board of 4 mm thickness, denim, silk,
and a vinyl bag of 0.8 mm thickness filled with cold water at
6°C. Sakuragawa et al. (2008) conducted a similar study and
analysed the effects of tactile stimulation caused by various
materials on systolic blood pressure. The materials used
were a 20°C Sugi wood specimen (Cryptomeria japonica), a
20°C Hinoki wood specimen (Charnaecyparis obtusa), 20°C
and 5°C oak wood specimens (Quercus crispula), 20°C and 5°
C acrylic plastic samples, and aluminium samples at 20°C
and 30°C. According to Jeong et al. (2014), variation in
blood pressure after touching different materials may occur
due to changes in skin temperature which can affect blood
flow and blood vessels.

The results from the studies mentioned above show that
touching wooden surfaces has mainly positive effects on
physiological responses, and can reduce perceived stress.
However, they mostly considered respondents identified as
only male or female. Evaluating a large sample size and a
wide age range helps to derive robust conclusions. Further-
more, no information was provided on how the variations in
the moisture content, density, grain direction, the content
of extractives, and the structural irregularities of wooden
materials, could change thermal conductivity and thereby
affect physiological responses.

Wang et al. (2000) recommend the use of wood in interiors,
since it has lower thermal conductivity and is perceived as a
warm and pleasant material. However, no recommendation
or requirement was found in Swedish standards or in the
three reviewed building certifications which suggested the
use of wood in interiors due to its low thermal conductivity.

4. Discussion

The results presented by earlier studies show that sensory
stimulation associated with wooden surfaces in interiors
have mainly positive effect on physiological responses and
can reduce respondents’ perceived stress. However, the
results are mainly limited due to the small sample size, the
small age range and the short exposure time; accordingly, it
is difficult to derive a robust conclusion from the results
obtained. Furthermore, the majority of the studies provided
neither insight into how changing experiment settings
could affect the results, nor described the correlations
between the respondents’ sensitivity toward sensory stimu-
lation. In addition, earlier studies provided no explanation
regarding the material properties of wood which are associ-
ated with sensory stimulation. This limits the inference of
the results and confines one to correlate the physiological
responses to material properties. The latest statement
necessitates the evaluation and description of material spe-
cifications in future studies.
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Furthermore, several factors can change the indoor
environmental quality and thereby affect respondents’
physiological responses, including artificial lighting, air
quality and sounds. Future studies can consider the
issues related to the quality of indoor environments and
provide information regarding the settings in which the
experiments have been performed. In addition, more
studies should be conducted in different environments,
such as in residential, educational or commercial buildings
and hospitals. The sensory stimulation from wooden sur-
faces in these environments can have different effects on
physiological responses. Finally, conducting longitudinal
studies could provide further information about the
effects of sensory stimulation on physiological responses
over a longer period of time. Specifying material properties
of wood associated with sensory stimulation along with
longitudinal studies could provide useful information for
architects and designers, who intend to use wooden sur-
faces in interiors.

5. Conclusion

Covering interiors with wooden surfaces can improve indoor
environmental quality and thereby affect individuals’ health
and their psychological and physiological responses. The
above-mentioned responses can be generated by vision,
auditory, olfactory, and tactile stimulation, each one associ-
ated with wooden surfaces in interiors.

The result of the literature study shows that visual stimu-
lation is dependent on the existence of knots, colour, struc-
ture and the surface treatment of the wooden surfaces in
interiors. No recommendation or requirement, presented by
Swedish standards, Swedish Green Building, and Well-build-
ing certification, was found which discussed the above-men-
tioned properties. But, Living Building Challenge standard
prohibit any use of wood treatments which contain Creosote,
Arsenic or Pentachlorophenol chemicals.

Furthermore, the results show that physiological responses
towards auditory stimulation are strongly dependent on the
individuals’ sensitivity rather than sound impact sources or
their pressure levels. The material properties of wood associ-
ated with its acoustic performance include wood compo-
sitions, surface treatment, types of mounting, and geometry.
No recommendation or requirement has been found about
the above-mentioned properties.

The material properties of wood, which affect olfactory
stimulation, depend strongly on the chemical composition
on wood, including volatile extractives. Earlier studies,
which analysed the effect of olfactory stimulation on phys-
iological responses, used various odours from different
wood species in their experiments, which led to an incon-
sistency in the results. A stronger experiment design could
help to overcome the above-mentioned limitations and
strengthen the results. In addition, earlier studies provided
no explanation regarding material properties of wood
which could cause changes in physiological responses.
Meanwhile, no recommendation or requirement, presented
by Swedish standards, Swedish Green Building, Well-build-
ing certification or Living Building Challenge standard has
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been found which discussed olfactory stimulation of
wooden surfaces and the degree to which it should be
used in interiors.

The tactile stimulation depends on the heat flux of
materials. Heat flux is controlled by the thermal conductivity
of materials, and temperature differences between the skin
and the material with which it is in contact. Wood has a
small thermal conductivity. Accordingly, touching wooden
surfaces causes only minor variations in the skin temperature
in comparison with other materials, such as tiles or concrete.
The results presented by earlier studies indicate that vari-
ations in skin temperature should be large enough to increase
the perceived stress. Earlier studies recommended covering
interiors with wooden surfaces. But no recommendations or
requirements have been found which persuade the use of
wood in interiors.

6. Future work

The future work of this study could focus on olfactory stimu-
lation caused by interior wooden surfaces, that is those which
can affect physiological responses and thereby improve
people’s health and reduce perceived stress. Furthermore,
the economic benefits due to improved health and reduced
stress will be analysed.

Notes

1. In this literature study, covering interiors with wooden surfaces
refers to the installation of wooden panels on walls, ceiling, and
floor.

2. Individuals have mainly a positive attitude towards wood due it's
naturalness. Positive attitudes can intensify individuals’ prefer-
ences to use wood in interiors (Nyrud and Bringslimark 2010).
However, there are some indications that individuals can indeed
separate various properties of wood and have different prefer-
ences towards them. For instance, the existence of multiple
knots can have a negative impact on people’s preferences
(Nyrud and Bringslimark 2010). To understand how individuals
develop different preferences relies on the exploration of differ-
ences in the attitude domain across cultural contexts (Riemer
et al. 2014) and life domain factors (Diener 1984), which is out of
the scope of this study.

3. The serial position effect describes the possibility of recalling first
and last experiments best while having a weak recollection of
middle experiments (Mack et al. 2017).

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Knowledge Foundation: [Grant Number
20130245].

Notes on contributors

Elaheh Jalilzadehazhari is an Architect and researcher in energy
efficiency and indoor environment quality.

Jimmy Johansson is an associate professor and researcher in wood
science and product development.

ORCID

Elaheh Jalilzadehazhari (2 http://orcid.org/0000-0003-1835-7158
Jimmy Johansson (2 http://orcid.org/0000-0003-0130-3356
References

Aries, M., Aarts, M. and van Hoof, J. (2015) Daylight and health: A review of
the evidence and consequences for the built environment. Lighting
Research & Technology, 47(1), 6-27.

Bamba, I. and Azuma, K. (7-12 July 2014) Relation of Changes in Cerebral
Blood Flow and Diffusion Material Caused by Smelling Wood. ed.
International society of indoor air quality and climate (ISIAQ) (Hong Kong).

Bhatta, S. R, Tiippana, K., Vahtikari, K., Hughes, M. and Kytta, M. (2017)
Sensory and emotional perception of wooden surfaces through
fingertip touch. Frontiers in Psychology, 8, 1-12.

Brand, G. and Millot, J-L. (2001) Sex differences in human olfaction:
between evidence and enigma. The Quarterly Journal of Experimental
Psychology: Section B, 54(3), 259-270.

Bucur, V. (2006) Acoustics of Wood. 2nd ed. (Heidelberg, Germany:
Springer series in wood science)

Burnard, M. D. and Kutnar, A. (2015) Wood and human stress in the built
indoor environment: A review. Wood Science and Technology, 49(5),
969-986.

Bysheim, K., Nyrud, A. and Strobel, K. (2016) Building Materials and Well-
Being in Indoor Environments (Oslo: Norsk Tretenisk Institutt).

Dayawansa, S., Umeno, K., Takakura, H., Hori, E., Tabuchi, E., Nagashima, Y.,
Oosu, H., Yada, Y., Suzuki, T., Ono, T. and Nishijo, H. (2003) Autonomic
responses during inhalation of natural fragrance of “Cedrol” in humans.
Autonomic Neuroscience, 108(1), 79-86.

Diener, E. (1984) Subjective well-being. Psychological Bulletin, 95(3),
542-575.

Dubey, M. K., Pang, S. and Walker, J. (2012) Oil uptake by wood during
heat-treatment and post-treatment cooling, and effects on wood
dimensional stabilityEinfluss der Olaufnahme von Holz wihrend der
Hitzebehandlung und  anschlieBender  Kiihlung auf die
Dimensionsstabilitat. European Journal of Wood and Wood Products,
70(1-3), 183-190.

Dzulkifli, M. A. and Mustafar, M. F. (2013) The influence of colour on
memory performance: A review. The Malaysian Journal of Medical
Sciences: MJMS, 20(2), 3.

Edwards, L. and Torcellini, P. A. (2002) A Literature Review of the Effects of
Natural Light on Building Occupants (National Renewable Energy
Laboratory Golden, CO). doi:10.2172/15000841.

Esteves, B., Ribeiro, F., Cruz-Lopes, L. and Ferreira, J. V. (2017) Densification
and heat treatment of maritime pine wood. Wood Research, 62(3),
373-388.

Fisk, W. and Seppanen, O. (2007) Providing better indoor environmental
quality brings economic benefits. Proceedings of Clima 2007 WellBeing
Indoors, Helsinki, FInland, 3-12.

Fredriksson, M. (2010) A Critical Literature Review of Moisture and
Temperature Conditions in Wood Exposed Outdoors Above Ground
(Lund, Sweden: Division of Building Materials, Lund Institute of
Technology).

Fujisaki, W., Tokita, M. and Kariya, K. (2015) Perception of the material
properties of wood based on vision, audition, and touch. Vision
Research, 109, 185-200.

Glass, S. V. and Zelinka, S. L. (2010) Moisture relations and physical prop-
erties of wood. In Wood Handbook: Wood as an Engineering Material:
Chapter 4. Centennial ed. General Technical Report FPL; GTR-190
(Madison, WI: US Dept. of Agriculture, Forest Service, Forest Products
Laboratory), pp. 4.1-4.19., 190, 4.1-4.19.

Godshall, W. and Davis, J. H. (1969) Acoustical Absorption Properties of
Wood-Base Panel Materials (Madison, WI: Forest Products Lab
Madison Wis).

Granstrom, K., 2005. Emissions of volatile organic compounds from wood.
(Doctorate). Karlstad University.

Gustavsson, L., Pingoud, K. and Sathre, R. (2006) Carbon dioxide balance of
wood substitution: comparing concrete-and wood-framed buildings.
Mitigation and Adaptation Strategies for Global Change, 11(3), 667-691.


http://orcid.org/0000-0003-1835-7158
http://orcid.org/0000-0003-0130-3356
https://doi.org/10.2172/15000841

Hemstrom, K., Mahapatra, K. and Gustavsson, L. (2010). The perceptions of
Swedish architects and structural engineers towards use of wood
frames in multi-storey buildings. SB10, Sustainable Community,
Espoo, Finland, September 22-24.

Hirata, S., Kageyama, I. and Ohta, M. 2012. Eye fatigue-reduction effect of
wood rim cover on liquid crystal display. Journal of Wood Science, 58(2),
163-168.

Hiruma, T., Yabe, H., Sato, Y., Sutoh, T. and Kaneko, S. (2002) Differential
effects of the hiba odor on CNV and MMN. Biological Psychology, 61
(3), 321-331.

Hon, D. N.-S. and Shiraishi, N. (eds.) (2000) Wood and Cellulosic Chemistry,
Revised, and Expanded (New York: CRC Press).

Huang, S., Xiong, J.,, Cai, C., Xu, W. and Zhang, Y. (2016) Influence of humid-
ity on the initial emittable concentration of formaldehyde and hexalde-
hyde in building materials: Experimental observation and correlation.
Scientific Reports, 6, 23388.

Hume, K. and Ahtamad, M. (2013) Physiological responses to and subjec-
tive estimates of soundscape elements. Applied Acoustics, 74(2),
275-281.

Heibg, O. and Nyrud, A. Q. (2010) Consumer perception of wood surfaces:
The relationship between stated preferences and visual homogeneity.
Journal of Wood Science, 56(4), 276-283.

Ikei, H., Song, C, Lee, J. and Miyazaki, Y. (2015a) Comparison of the effects
of olfactory stimulation by air-dried and high-temperature-dried wood
chips of Hinoki cypress (Chamaecyparis obtusa) on prefrontal cortex
activity. Journal of Wood Science, 61(5), 537-540.

Ikei, H., Song, C. and Miyazaki, Y. (2015b) Physiological effect of olfactory
stimulation by Hinoki cypress (Chamaecyparis obtusa) leaf oil. Journal
of Physiological Anthropology, 34(1), 44.

Ikei, H., Song, C. and Miyazaki, Y. (2016) Effects of olfactory stimulation by
a-pinene on autonomic nervous activity. Journal of Wood Science, 62(6),
568-572.

Ikei, H., Song, C. and Miyazaki, Y. (2017) Physiological effects of wood on
humans: a review. Journal of Wood Science, 63, 1-23.

IWBI, T. I. W. B. I. (2018) Well v.2. The next version of the WELL Building
Standard (The International WELL Building Institute (IWBI)).

Jeong, I. C, Kang, H. and Yeom, H. (2014) Effects of skin surface tempera-
ture on Photoplethysmograph. Journal of Healthcare Engineering, 5(4),
429-438.

Jiménez, P, Dunkl, A, Eibel, K., Denk, E., Grote, V., Kelz, C. and Moser, M.
(2016) Wood or Laminate?—psychological research of customer
expectations. Forests, 7(11), 275.

Joung, D., Song C, lkei H. and Okuda, T. (2014) Physiological and psycho-
logical effects of olfactory stimulation with D-limonene. Advances in
Horticultural Science, 28(2), 90-94.

Kansara, T. (2013) Post occupancy monitoring: An introduction.
Environmental Management and Sustainable Development, 2(2), 86.
Kats, G., Alevantis, L., Berman, A., Mills, E. and Perlman, J. (2003) The Costs
and Financial Benefits of Green Buildings. A Report to California’s
Sustainable Building Task Force. Available at: https://www.scirp.org/(S

(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?
ReferencelD=1754115.

Keeler, M. and Vaidya, P. (2016) Fundamentals of Integrated Design for
Sustainable Building (New Jersey, USA: John Wiley & Sons).

Kreith, F. and Chhabra, R. P. (eds.) (2017) CRC Handbook of Thermal
Engineering (Boca Raton, FL: CRC press).

Kurjatko, S., Kudela, J. and Lagana, R. (eds.) (2006) Wood Structure and
Properties’ 06 (Zvolen, Slovakia: Arbora Publishers).

Kutz, M. (2005) Handbook of Environmental Degradation of Materials
(Delmar, NY: William Andrew).

LBC, I. L. B. I. (2016) Living building challenges 3.1. A Visionary Path to a
Regenerative Future (USA: International Living Building Institute,
International Living, Future Institute and Cascadia Green Building Council).

Li, Q., Kobayashi, M., Wakayama, Y., Inagaki, H., Katsumata, M., Hirata, Y.,
Hirata, K., Shimizu, T., Kawada, T., Park, B. J,, Ohira, T., Kagawa, T. and
Miyazaki, Y. (2009) Effect of phytoncide from trees on human natural
killer cell function. International Journal of Immunopathology and
Pharmacology, 22(4), 951-959.

Li, Q., Nakadai, A., Matsushima, H., Miyazaki, Y., Krensky, A. M., Kawada, T.
and Morimoto, K. (2006) Phytoncides (wood essential oils) induce

WOOD MATERIAL SCIENCE & ENGINEERING . 199

human natural killer cell activity.
Immunotoxicology, 28(2), 319-333.

Lundstrom, J. N, Hummel, T. and Olsson, M. J. (2003) Individual differences
in sensitivity to the odor of 4, 16-androstadien-3-one. Chemical Senses,
28(7), 643-650.

Mack, C. C,, Cinel, C,, Davies, N., Harding, M. and Ward, G. (2017) Serial pos-
ition, output order, and list length effects for words presented on
smartphones over very long intervals. Journal of Memory and
Language, 97, 61-80.

Mahapatra, K. and Gustavsson, L. (2009) Cost-effectiveness of using wood
frames in the production of multi-story buildings in Sweden.

Maénsson, L. (2003) Light & Room, Guide for Planning of Indoor Lighting [In
Swedish: Ljus & rum: planeringsguide for belysning inomhus] (Stockholm,
Sweden: Ljuskultur).

Marek, M. and MD, C. (1996) Heart rate variability, standards of measure-
ment, physiological interpretation, and clinical use. Task Force of the
European Society of Cardiology and the North American Society of
Pacing and Electrophysiology. Circulation, 93, 1043-1065.

Morikawa, T., Miyazaki, Y. and Kobayashi, S. (1998) Time-series variations of
blood pressure due to contact with wood. Journal of Wood Science, 44
(6), 495-497.

Nakamura, M. and Kondo, T. (2007) Characterization of distribution
pattern of eye fixation pauses in observation of knotty wood panel
images. Journal of Physiological Anthropology, 26(2), 129-133.

National board of housing building and planning (2015a) Building regu-
lation, [In Swedish: Regelsamling fér byggande, BBR]. National board of
housing, building and planning, [In Swedish: Boverket].

National board of housing building and planning (2015b) Building regu-
lation, Chapter 7 Noise protection [In Swedish: Boverkets byggregler,
BFS 2011:6 dndrad t.o.m. BFS 2015:3. Avsnitt 7 Bullerskydd]. National
board of housing, building and planning, [In Swedish: Boverket].

National board of housing building and planning (2018) In Swedish
Boverket [online]. Accessed January 2018, available at: http://www.
boverket.se/en/start-in-english/.

Navi, P. and Sandberg, D. (2012) Thermo-hydro-mechanical Wood
Processing (New York: CRC Press).

Nordvik, E., Schiitte, S. and Broman, N. O. (2009) People’s perceptions of
the visual appearance of wood flooring: A Kansei engineering
approach. Forest Products Journal, 59(11), 67-74.

Nyrud, A. Q. and Bringslimark, T. (2010) Is interior wood use psychologi-
cally beneficial? A review of psychological responses toward wood.
Wood and Fiber Science, 42(2), 202-218.

Nyrud, A., Bysheim, K. and Bringslimark, T. (2010) Health benefits from
wood interior in a hospital room. ed. Proceedings of the International
Convention of Society of Wood Science and Technology and United
Nations Economic Commission for Europe (Geneva, Switzerland).

Obataya, E., Minato, K. and Tomita, B. (2001) Influence of moisture content
on the vibrational properties of hematoxylin-impregnated wood.
Journal of Wood Science, 47(4), 317-321.

Olarescu, C. M., Campean, M. and Cosereanu, C. (2015) Thermal conduc-
tivity of solid wood panels made from heat-treated spruce and lime-
wood strips. Pro Ligno, 11(4), 377-382.

Ozyhar, T., Hering, S., Sanabria, S. J. and Niemz, P. (2013) Determining
moisture-dependent elastic characteristics of beech wood by means
of ultrasonic waves. Wood Science and Technology, 47(2), 329-341.

Park, S. H., Lee, P. J. and Jeong, J. H. (2017) Influence of noise sensitivity on
physiological responses to floor impact sounds. 24th International
Congress on sound and vibration ICSV24 (London, UK).

Rice, J., Kozak, R. A., Meitner, M. J. and Cohen, D. H. (2007) Appearance
wood products and psychological well-being. Wood and Fiber
Science, 38(4), 644-659.

Riemer, H., Shavitt, S., Koo, M., Markus, H. R. (2014) Preferences don’t have
to be personal: Expanding attitude theorizing with a cross-cultural per-
spective. Psychological Review, 121(4), 619-648.

Ross, R. J. (2010) Wood handbook: Wood as an engineering material.

Rowell, R. M. (2012) Handbook of Wood Chemistry and Wood Composites.
2nd ed., (New York: CRC press).

Sair, S., Oushabi, A, Kammouni, A, Tanane, O., Abboud, Y., Oudrhiri
Hassani, F., Laachachi, A. and El Bouari, A. (2017) Effect of surface
modification on morphological, mechanical and thermal conductivity

Immunopharmacology and


https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1754115
https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1754115
https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1754115
http://www.boverket.se/en/start-in-english/
http://www.boverket.se/en/start-in-english/

200 e E. JALILZADEHAZHARI AND J. JOHANSSON

of hemp fiber: Characterization of the interface of hemp —polyurethane
composite. Case Studies in Thermal Engineering, 10, 550-559.

Sakuragawa, S., Kaneko, T. and Miyazaki, Y. (2008) Effects of contact with
wood on blood pressure and subjective evaluation. Journal of Wood
Science, 54(2), 107-113.

Sakuragawa, S., Miyazaki, Y., Kaneko, T. and Makita, T. (2005) Influence of
wood wall panels on physiological and psychological responses.
Journal of Wood Science, 51(2), 136-140.

Sandberg, D., Haller, P. and Navi, P. (2013) Thermo-hydro and thermo-
hydro-mechanical wood processing: An opportunity for future environ-
mentally friendly wood products. Wood Material Science & Engineering,
8(1), 64-88.

Schauerte, T. (2010) Wooden house construction in Scandinavia—a model
for Europe. ed. Proceedings of the 16th Internationales Holzbau-Forum.

Seddeq, H. S. (2009) Factors influencing acoustic performance of sound
absorptive materials. Australian Journal of Basic and Applied Sciences,
3(4), 4610-4617.

Seppanen, O. and Fisk, W. (2006) A procedure to estimate the cost effec-
tiveness of the indoor environment improvements in office work. In
Creating the Productive Workplace, 2nd edn (London, Taylor &
Francis), 407-433.

SGBC, S. G. B. C. (2017) Miljobyggnad Metodik fér nyproducerade och
befintliga byggnader-Manual 2.1  [Electronic](Miljobyggnad.
Methods for newly constructed and existing buildings.-Manual
3.0. Swedish).

Sharma, A. (2011) Regional Cerebral blood flow. In: J. S. Kreutzer, J. DeLuca
and B. Caplan (eds.) Encyclopedia of Clinical Neuropsychology
(New York, NY: Springer New York), 2135-2136.

Shengwo, S. and Fangshuo, M. (2010) Study on wooden micro-perforated
panel and its application ed. 20th International Congress on Acoustics,
ICA 2010 (Sydney, Australia).

Song, B., Peng, L, Fu, F, Liu, M. and Zhang, H. (2016) Experimental and
theoretical analysis of sound absorption properties of finely perforated
wooden panels. Materials, 9(11), 942.

Standard SS-EN 14298 (2017) Standard SS-EN 14298, Sawn Wood -
Assessment of Drying Quality [In Swedish: Sdgat virke - Bedémning av tor-
kningskvalitet] (Stockholm, Sweden: Swedish Standard Institute).

Strobel, K., Nyrud, A. Q. and Bysheim, K. (2017) Interior wood use: Linking
user perceptions to physical properties. Scandinavian Journal of Forest
Research, 32(8), 1-9.

Sueyoshi, S., Miyazaki, Y. and Morikawa, T. (2004a) Physiological and
psychological responses to a heavy floor-impact sound generated by
dropping an automobile tire in a wooden house. Journal of Wood
Science, 50(6), 490-493.

Sueyoshi, S., Miyazaki, Y. and Morikawa, T. (2004b) Physiological and
psychological responses to prolonged light floor-impact sounds gener-
ated by a tapping machine in a wooden house. Journal of Wood
Science, 50(6), 494-497.

Swedish Standard Institute (2018) [online]. Accessed January 2018, avail-
able at: https://www.sis.se/en/

Tell, B. V. (1990) Surface treatment [In Swedish: Ytbehandling]. Grsphic
system AB Gothenburg, Sweden: Wood Technology Center [In
Swedish: Trateknik Centrum].

Trichkov, N. and Bardarov, N. (5-7 November 2010) Influence of finish
coating on the acoustic properties of wood. ed. Innovations in Forest
Industry and Engineering Design (Sofia, Bulgaria).

Tsunetsugu, Y., Miyazaki, Y. and Sato, H. (2002) The visual effects of
wooden interiors in actual-size living rooms on the autonomic
nervous activities. Journal of Physiological Anthropology and Applied
Human Science, 21(6), 297-300.

Tsunetsugu, Y., Miyazaki, Y. and Sato, H. (2005) Visual effects of interior
design in actual-size living rooms on physiological responses.
Building and Environment, 40(10), 1341-1346.

Tsunetsugu, Y., Miyazaki, Y. and Sato, H. (2007) Physiological effects in
humans induced by the visual stimulation of room interiors with
different wood quantities. Journal of Wood Science, 53(1), 11-16.

U.S. Department of Agriculture, Forest service and Laboratory, F. P. (2007)
The Encyclopedia of Wood (Washington, DC, USA: Skyhourse publishing,
Skyhourse publishing U.S. Department of Agriculture, Forest service
and Forest Products Laboratory).

Van Kuijk, F. (1991) Effects of ultraviolet light on the eye: role of protective
glasses. Environmental Health Perspectives, 96, 177-184.

Wang, S.-Y,, Lin, F.-C. and Lin, M.-Y. (2000) Thermal properties of interior
decorative material and contacted sensory cold-warmth I: relation
between skin temperature and contacted sensory cold-warmth.
Journal of Wood Science, 46(5), 357-363.

Wargocki, P. (2003) Estimate of an economic benefit from investment in
improved indoor air quality in an office building. ed. 7th International
Conference on healthy buildings 2003, 382-387.

Watchman, M., Potvin, A. and Demers, C. M. (2016) Wood and comfort: A
Comparative case study of Two Multifunctional rooms. BioResources, 12
(1), 168-182.

Wegst, U. G. (2006) Wood for sound. American Journal of Botany, 93(10),
1439-1448.

Wood Handbook (2010) Wood handbook-Wood as an engineering material.

Yasar, E. and Erdogan, Y. (2008) Strength and thermal conductivity in light-
weight building materials. Bulletin of Engineering Geology and the
Environment, 67(4), 513-519.


https://www.sis.se/en/

	Abstract
	1. Introduction
	2. Methodology
	3. Results
	Material properties associated with visual stimulation
	Material properties associated with auditory stimulation
	Material properties associated with olfactory stimulation
	Material properties associated with tactile stimulation

	4. Discussion
	5. Conclusion
	6. Future work
	Notes
	Disclosure statement
	Notes on contributors
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


