
1 23

European Journal of Wood and Wood
Products
Holz als Roh- und Werkstoff
 
ISSN 0018-3768
 
Eur. J. Wood Prod.
DOI 10.1007/s00107-016-1098-y

Visual and visuo-tactile preferences
of Malagasy consumers for machined
wood surfaces for furniture: acceptability
thresholds for surface parameters

Miora Falimiarana Ramanakoto,
Anjy Nandrianina Andrianantenaina,
Tahiana Ramananantoandro & Florent
Eyma



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer-

Verlag Berlin Heidelberg. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



ORIGINAL

Visual and visuo-tactile preferences of Malagasy consumers
for machined wood surfaces for furniture: acceptability
thresholds for surface parameters

Miora Falimiarana Ramanakoto1,2 • Anjy Nandrianina Andrianantenaina2 •

Tahiana Ramananantoandro2 • Florent Eyma1

Received: 26 November 2015

� Springer-Verlag Berlin Heidelberg 2016

Abstract In wood machining operations, target surfaces

are chosen to achieve technical functions (gluing, finish-

ing), or aesthetic functions (raw wood, varnishing) in order

to produce a surface which consumers will appreciate.

Although the literature often refers to the optimization of

cutting conditions to improve the surface quality, there is

currently no specific criterion to define what good surface

quality is. The purpose of this study was to investigate

quantitative criteria related to consumer preferences and to

find an acceptability threshold for each criterion in order to

determine the best cutting conditions. To this end, 32

surfaces from Chrysophilum boivinianum (Sapotaceae)

were machined in various cutting conditions which yielded

surfaces ranging from very rough to smooth. The primary

surface profile, roughness and waviness parameters, and

machining defects (raised grain, torn grain, chip marks,

cutting traces) were measured on each surface. Visual and

visuo-tactile tests were then carried out with a panel of 174

consumers. The results show that touch allowed better

appreciation of surface defects than a simple visual

observation. Consumers like smooth surfaces without vis-

ible defects and less visible peaks of waviness. The

acceptability thresholds of surface parameters correlated

with consumer preferences were determined. The rotational

speed and the feed speed affect the most the surface

quality. To obtain good surface quality for consumers, the

rotation speed should be greater than 5000 rpm, with a

maximum feed rate per tooth of 0.5 mm, and a maximum

average chip thickness of 0.18 mm. This knowledge will

help industries to better optimize the cutting of wood.

1 Introduction

Wood remains one of the most widely used materials for

construction, joinery and furniture. For the latter, several

properties of wood determine consumers’ choices, such as

mechanical properties: density and hardness, and aesthetic

properties: colour, surface texture and surface quality

(Mothe 1985; Ramananantoandro et al. 2014). Apart from

an aesthetic function, the quality of a wood surface also has

a functional role as it determines its adhesion performance

for bonding and finishing applications (Kuljich et al. 2013;

Cool and Hernández 2012). Obtaining an acceptable sur-

face quality is then the main objective of all machining

processes for all applications, especially for furniture in

Madagascar, which is mainly sold without application of a

finish. Several factors influence the surface quality,

including those related to the cutting conditions: feed

speed, rotation speed, depth of cut, cutting direction and

cutting mode (Goli 2003; Khazaeian 2006); the tool char-

acteristics (Lundberg and Porankiewicz 1995; Coelho et al.

2008); and those linked with the properties of the wood

itself, such as the species, the moisture content, and the

physical and mechanical properties (Aguilera and Zamora

2009; Twaddle 1997). For these reasons, a machined sur-

face is never geometrically perfect but presents irregular-

ities or defects that can be visible, such as torn grain, raised

grain, cutting traces and chip marks (ASTM-D1666-87:

1987), geometrical defects, or waviness and roughness

defects (ISO 25178 2012).
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Although the literature often refers to the optimization

of cutting conditions to improve surface quality (Kilic et al.

2006; Sinn et al. 2004; Fujiwara et al. 2001), there is

currently no specific criterion to define good surface

quality. Moreover, most furniture industries impose over-

quality in the aim of improving surface finish, which drives

up production costs. Thus, it is imperative to determine

quantitative criteria which describe a good surface quality

for consumers, and to find the best cutting conditions for

industries. The main question is: ‘‘What is the threshold of

each surface parameter which describes good surface

quality for consumers, and what cutting conditions are

required to generate such a surface?’’

The objectives of this study were: (1) to identify the

surface parameters (visual defects, geometric surface

parameter, roughness and waviness parameters) which

have significant correlation with visual and visuo-tactile

preferences of Malagasy consumers for machined wood

surfaces, (2) to determine the acceptability thresholds of

these relevant parameters to qualify good surface quality

for consumers, and (3) to propose acceptable cutting con-

ditions regarding the thresholds of the relevant parameters.

2 Materials and methods

2.1 Specimen preparation and machining

The study was carried out with Famelona (Chrysophyllum

boivinianum Pierre Baehni), one of the Malagasy wood

species used for furniture. This species was chosen for its

good machinability and its density ranges from 0.63 to 0.71

(Rakotovao et al. 2012), which corresponds to consumer

preferences (Ramananantoandro et al. 2013). Famelona has

light and uniform colour texture, as its annual growth ring

is not obvious. These characteristics enable the roughness

and surface defects to be appreciated properly.

Samples of 155 mm length (L), 35 mm width (T) and

40 mm thickness (R) were taken from planks free of defects

coming from one tree. Four boards of 3300 mm (L), 120 mm

(T) and 40 mm (R)were sawn from the same tree. Theywere

stored in a climate chamber at 20 �C and 65 % relative

humidity until they reached equilibrium moisture content at

12 %. After conditioning, they were machined with high

speed routing using a Dubus 3-axis machine. A complete

experimental plan was designed by varying five cutting

parameters (cutting direction; feed speed, Vf; rotation speed,

N; depth of cut, H; and cutting mode) into two levels

(Table 1). It displays a two-level factorial design. The

combination of the five factors with 2 levels gave then 25

combinations (32 numbers of combinations).

The selection of these levels was based on studies by

Goli (2003); Khazaeian (2006); Farrokhpayam et al. (2011)

and Rajemison (2013). Their results were used to deter-

mine the cutting conditions which generated visual defects

on machined surfaces such as raised grain, torn grain, fuzzy

grain and cutting traces. The average chip thickness

obtained varied from 0.05 to 0.55 mm, which corresponds

to surfaces ranging from very rough to very smooth (Eyma

2002). The tool used had the following characteristics: 4

teeth, 40 mm diameter, 30� cutting angle and 13� rake

angle.

Thirty-two surfaces were generated, 16 on the LR plane,

and 16 on the LT plane. In order to avoid surface deteri-

oration during tactile appreciation and thus biasing the

assessment of consumers’ preferences, each surface was

represented by six repetitions. A total of 192 specimens

were thus machined.

2.2 Measurement of roughness and waviness

parameters

Primary profile, waviness and roughness parameters were

measured with a 3D laser Mahr Perthometer. For each

machining condition, three surfaces 17.5 mm long and

3.5 mm wide were measured. Surface acquisition was

performed across the grain to take surface heterogeneity

into account. Acquisition parameters were: depth mea-

surement scale of ±250 lm, step of 112.9 lm, 32 profiles,

and measurement speed of 2 mm s-1. A cut-off length of

2.5 mm for roughness parameters combined with an ISO

13565 filter, and 2.5 mm for waviness parameters com-

bined with a Gaussian filter were applied for calculations.

The parameters studied were those described in ISO

25178-2 (2012) (Table 2).

2.3 Measurement of machining defects

Four visual defects were present on the machined surfaces:

raised grain (RG), torn grain (TG), chip marks (CM) and

cutting traces (CT). They were evaluated by a jury of two

experts on the basis of the ASTM-D1666-87 (1987) stan-

dard method. Five levels of notation were used for the

assessment: levels l and 2 were assigned to acceptable de-

fects; levels 3, 4 and 5 were assigned to the worst and

inacceptable defects (Goli et al. 1997, 2001).

Table 1 Factors and levels of experimental factors considered

Factors Levels

Cutting direction LR, LT

Cutting mode Up milling, down milling

Feed speed (m mn-1) 7, 25

Rotation speed (rpm) 4000, 10000

Depth of cut (mm) 3, 5
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2.4 Sensory analysis with consumers from the city

of Antananarivo, Madagascar

The ISO/DIS 11136 (2013) standard requires a minimum of

60 individuals for a hedonic study. For this study, 174 indi-

viduals were recruited to obtain good representation of tar-

geted consumers. Three criteria were considered when

sampling the panel: age, sex and socio-economic category.

The panel was selected in accordance with data from the

National Institute of Statistics (INSTAT) of Madagascar, to

represent the population of the city of Antananarivo well and

to consider the consumers most targeted by the furniture

industry, i.e. average to high income households. Household

socio-economic categories were then determined from the

monthly salary of the head of the household, from housing

characteristics (Bumgardner et al. 2007; Weinfurter and

Eder 2009), and from car ownership (Kortchagina et al.

2005). Average income households had a monthly income

between 30 and 178 € (1 Euro = 3409 MGA in local cur-

rency, June 2015), lived in a house, and may or may not have

a car. High income households had a monthly salary of more

than € 178, lived in an individual house or in an apartment or

villa, and owned cars. The consumer panel consisted of 49 %

men and 51 % women. Persons over 18 years old were

surveyed. Half the panel was sampled from average income

households and half from high income households.

Hedonic tests were conducted in a standardized sensory

analysis laboratory under controlled and reproducible

conditions. Each member was seated in an individual cabin

under white light similar to that found in purchasing con-

ditions at wood furniture stores (artificial light from an

18 W neon lamp). To avoid any psychological effect on

panel members during surface evaluation, the wood sam-

ples were coded and ranked with an equal chance of

occurring, using FIZZ software (Biosystem, Couternon,

France). The samples were presented in a monadic way to

avoid comparison between them. Consumers were asked to

rate each wood specimen by indicating their level of

appreciation on a 10-point hedonic scale, where score 1

meant ‘‘dislike extremely’’ and 10 meant ‘‘like extremely’’.

Two sensory analyses were performed: visual and visuo-

tactile analysis, representing consumers’ behaviour when

buying furniture (Guest and Spence 2003; Hanbury and

Gardieu 2001). First, they looked at the surface without

touching it and, second, they looked at the surface and were

allowed to touch it with the index (two returns).

2.5 Statistical analysis

Statistical analysis was performed using the EXCEL 2010,

XLSTAT 2008 and MINITAB 16 software packages. The

first step was the descriptive analysis of the measured

Table 2 Surface parameters studied (ISO 25178 2012)

Symbol Name (unit) Definition and justification

sPa Arithmetical mean of primary surface profile

(lm)

This parameter describes surface geometrical defects (straightness, surface

flatness, etc.). Lower sPa values correspond to good surface quality

sRa, sWa Arithmetical mean roughness and waviness (lm) sRa is one parameter commonly used to describe general roughness of wood

machined surfaces. sRp, sRv, sRt describe the importance of peaks and pits

in surface topography. Ramananantoandro et al. (2014) found correlations

between sRa, sRt and tactile score appreciation. Thus, these parameters can

explain the roughness sensation detected through touch. The lower these

parameters are, the smoother the surface will be

sRq, sWq Root mean square roughness and waviness (lm)

sRp, sWp Maximum peak height of roughness and waviness

(lm)

sRv, sWv Maximum pit depth of roughness and waviness

(lm)

sRt, sWt Total height value of roughness and waviness

(sRt = sRv ? sRp) (lm)

sRsk, sWsk Skewness of the amplitude distribution curve of

surface topography referring to midline (–)

These parameters can influence the visual appreciation of surface quality as

they characterise profile forms (solid, normal and hollow profile) visible at

millimeter scale (Coelho 2005; Khazaeian 2006; Jodin 1994)

sRsk\0 prevalence of deep valleys and plateau areas; sRsk = 0 normal

profile; sRsk[0 prevalence of peaks

sRku\3 wide profile or flattened distribution; sRku = 3 normal profile; sRku

[3 tight or sharp profile distribution

sRku, sWku Kurtosis of the amplitude distribution curve of

surface topography referring to midline (–)

sRk Distance between the highest and lowest level of

the core surface (–)

The Abbott–Firestone curve parameters describe the magnitude of peaks and

pits in surface topography. sRk and sRpk were correlated with tactile

roughness (Fujiwara et al. 2005)sRpk Average height of the peaks above the core

surface (–)

sRvk Average depth of the dales below the core surface

(–)

SMR1 Peak material component (%)

SMR2 Valley material component (%)

Eur. J. Wood Prod.

123

Author's personal copy



parameters. Five levels each for the roughness, waviness

and primary profile parameters were determined in equal

proportion. The frequency of occurrence of each level was

calculated in order to analyse whether there was a good

distribution of the measured values, in other words, whe-

ther all surface qualities were well represented (Eq. 1). For

visual defects, as five levels of notation were used for their

assessment according to the ASTM D-1666-87 (1987)

standard, the frequency of occurrence of each level was

also determined.

Li ¼ minþ i � Dp ð1Þ

Dp ¼ max�min

5
ð2Þ

with:

Li: maximum level of each interval

i: number of the level, from 1 to 5

Dp: interval between two levels

max: maximum values of roughness and waviness

parameters measured

min: minimum values of roughness and waviness

parameters measured.

An ascending hierarchical classification was used to iden-

tify groups of consumers with similar preferences, and their

profiles. To establish links between consumer preferences and

surface parameters, a principal component analysis (PCA)

was conducted as an internal preferencemapping, followedby

linear regression analysis between measured parameters and

sensory scores, at the 5 % significance level and for R2[ 0.5

(acceptance boundary of the linear correlation coefficient

calculated on the basis of the sample size according to Cisia-

Ceresta 1995). The acceptability thresholds of all parameters

were calculated for an average score of preference equal to 5

on a scale of 10. Surfaces were then considered as appreciated

beyond this average score. Contour plots were established

from these thresholds to represent the valid values of all sur-

face parameters describing surface characteristics preferred

by consumers. Correlation between surface parameters and

cutting parameters was investigated to determine the accept-

able cutting conditions to produce surfaces appreciated by

consumers.

3 Results and discussion

3.1 Descriptive statistics of surface parameters

measured on the machined surfaces

The occurrence frequencies of surface defects are shown in

Fig. 1a and b. All surface qualities are represented, from

acceptable (smooth, without waviness) to the worst (very

rough and wavy) which allowed good assessments of sur-

face qualities by the consumers. Nevertheless, visual

defects generated were not obvious, as only cutting traces

were well represented. In addition, instead of generating

fuzzy grain, machining produced chip marks and was the

main defect present on all machined surfaces of Famelona.

Species characteristics can explain the occurrence of these

defects. Khazaeian (2006) found that wood density had an

influence on the appearance of raised and fuzzy grains.

These two defects did not appear in dense woods like oak

(wood density 0.7–0.9), in contrast to light poplar wood

(density 0.4–0.6). Thus, as Famelona wood has high den-

sity, ranging from 0.66 to 0.71 (Rakotovao et al. 2012), this

can explain the quasi absence of raised grain and fuzzy

grain on these specimens.

The cutting traces were well represented on the

machined surfaces and were generated with high feed

speed and low rotation speed, i.e. high feed rate per tooth.

The levels of factors considered in this study gave a range

for the latter from 0.175 to 0.625 mm. The torn grains were

also represented. They are mainly due to the penetration of

the tool into the wood surfaces by separating the material

through a slot which propagates ahead of the cutting edge.

They are therefore in connection with the chip formation

during the machining of wood. In fact, this type of visual

default is generated with high feed speed and low rotation

speed, which also increase the cutting force. Moreover, this

default is further worsened in down milling cutting mode

as seen in Famelona wood. The chips were produced by

compression, buckling and finally splitting. However, in up

milling, the splitting does not appear (Eyma 2002; Juan

2007).

The relationship between cutting conditions and

surface parameters was analysed. The results show a

significant effect of machining parameters (rotation

speed, feed speed, and cutting mode) with most of the

roughness and waviness parameters, and visual defects

(Table 3). The cutting direction has significant effect

only on two parameters (SMR1 and RG). No differ-

ences of surface quality were observed between LR

and LT surfaces. The main reason which could explain

this finding is the homogeneity of the structure of

Famelona’s wood. Khazaeian (2006) assumed that the

density variation between the rings, especially for LT

surface, has an influence on the surface quality. How-

ever, as a tropical wood, trees generally grow all year

round and tree rings do not display a significant change

for some species. Thus, there is no significant variation

in inter-ring wood density. In addition, Famelona is a

diffuse porous wood. The vessels are scattered uni-

formly over the whole surface. This homogeneity of

structure could explain the similar surface quality

between LR and LT directions. The cutting tool acts in

a similar way for the two planes. Another point is that

if a radial-tangential (RT) surface was considered, the
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surface quality would be probably different (Khazaeian

2006). Indeed, not only the vessels have different ori-

entation but the wood grain as well. However, in this

work, for both LR and LT surfaces, machining was

performed along the grain and the surface qualities

achieved are almost similar.

For the depth of cut, it has significant effect only on few

parameters (sRp, sRt, sRv and SMR2). In fact, the chips

thickness removed from the machining process depends not

only on the rotation and feed speed but also on the tool

diameter and on the depth of cut (Eyma 2002). Conse-

quently, it could easily explain the correlation between the

latter and the maximum peaks height or the maximum

valley depth of the surface relief, which vary depending on

the removed materials.

Predictive analytical models of surface parameters as a

function of feed speed Vf and rotation speed N were

developed for those with high correlation (R2[ 0.5).

sRk (�Þ ¼ 15:54þ 0:33 Vf � 0:0007 N (R2 ¼ 0:6Þ;

sPa (lm) ¼ 17:69þ 0:78� Vf � 0:002� N (R2

¼ 0:8Þ;

sWa (lm) ¼ 24:3þ 0:55 Vf � 0:002 N (R2 ¼ 0:55Þ;

sWq (lm) ¼ 29:87þ 0:60 Vf � 0:002 N (R2 ¼ 0:53Þ;

CT (�Þ ¼ 2:32þ 0:15 Vf � 0:0002 N (R2 ¼ 0:96Þ:

In the literature, there is currently no predictive model of

the relationship between 3D surface parameters and

Fig. 1 Illustrations of the

occurrence frequency of the

different levels: a roughness

parameters and primary profile;

b visual defects With Li: Level

of visual defects, varying from 1

to 5 as L1 acceptable surface to

L5 bad surface, RG raised grain,

TG torn grain, CM chip marks,

CT cutting traces
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machining parameters. For the cutting mode, up-milling

gives better surface qualities than down-milling as, for the

latter, chip thickness increases from the entrance to the exit

of the cutting tool. Thus, several types of chip can be

generated and splinter defects can even appear in the

surface border. In contrast, in up-milling, chip thickness

remains the same, and a good surface quality is obtained

(Khazaeian 2006; Eyma 2002).

3.2 Visual and visuo-tactile preferences

of consumers

The scores given by the consumers for all the surfaces

studied were well spread over the rating scale considered,

ranging from 1 to 10 (Fig. 2). A correlation between the

surface parameters and consumer preferences scores was

established.

The result of the ascending hierarchical classification

showed that the 174 consumers formed three groups based

on similarities of their visual preferences score, and four

groups according to their visuo-tactile preferences. How-

ever, no common characteristics were found for consumers

belonging to any particular group in terms of age, socio-

economic category or sex. Therefore, the preference of all

consumers was considered to determine the acceptability

thresholds for surface parameters.

Eighty percent of the parameters studied were correlated

with the consumer’s visual and visuo-tactile scores.

Table 3 Effect of machining

parameters on surface

topography parameters and

visual defects

Cutting direction Cutting mode Feed speed Rotation speed Depth of cut

Roughness parameters

sRa *** ***? ***-

sRq ***? **-

sRv ***? *-

sRp ***? **-

sRt ***? **-

sRsk *** **-

sRku *** *-

sRk *** ***? ***-

sRpk *** ***? **-

sRvk ***?

sMR1 ** ***

SMR2 *** *?

Primary profile parameter

sPa ***? ***-

Waviness parameters

sWa ***? ***-

sWq ***? ***-

sWv ***? ***-

sWp *** ***? **-

sWt ** ***? ***-

sWsk ***- ***?

sWku * ***- ***?

Visual defects

RG * *** ***-

TG *** ***? ***-

CT * ***? ***-

? Positive correlation, - Negative correlation

RG raised grain, TG torn grain, CT cutting traces

* Degree of significance of the effect of a factor on a parameter

Empty box no significant effect

* Significant (p value\ 0.05)

** Significant (p value\ 0.01)

*** Significant (p value\ 0.001)
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Waviness parameters had globally better correlation with

consumer scores than roughness parameters. A possible

explanation is that roughness defects have short wave-

lengths and are more difficult to detect, especially with the

naked eye. The human eye is sensitive to electromagnetic

radiation in the wavelength range of 0.38–0.78 lm (Roorda

and Williams 1999). However, touch can detect surface

roughness down to 0.06 lm (Raju and Srinivasan 1999).

In Europe, several studies dealed with the consumer

preferences for wood surfaces (Manuel et al. 2015; Hoibo

and Nyrud 2010; Sande and Nyrud 2008). Their results

imply that consumers prefer generally surface with a

homogeneous visual appearance and smooth surfaces.

However, these studies were mainly focused on visual

variables such as color, knot size, growth ring, etc. They

did not define quantitative criteria of tactile variables

related to consumer preferences, or their thresholds to

define good surface quality. Several studies were just

focused on finding criteria which have correlation with

tactile perception. Fujiwara et al. (2005) found correlations

between tactile perception and the Rpk and Rk roughness

parameters measured on buna and muzinara wood surfaces.

Ramananantoandro et al. (2014) found significant

correlation with roughness parameters Sa and Str for the

sanded surface of maritime pinewood. Nevertheless, these

two studies confirmed the current findings that touch

appears to be sensitive to surface roughness, particularly to

peaks.

Figure 3 is a two-dimensional map of the visual and

visuo-tactile preferences of the consumers. For each graph,

the two principal components (F1 and F2) explained more

than 74 % of the variation. Two groups of parameters were

displayed from F2 axis: first group which includes sWsk,

sWku, sRku, sRsk and SMR2; second group which

includes all other parameters. From the latter, all con-

sumers liked smooth surfaces, without any visible defects

(consumers score away from second group parameters in

the F2 axis for both LR and LT surfaces). Sinn et al. (2009)

and Ramananantoandro et al. (2014) also confirm this

finding.

For parameters in the first group, consumers tolerated a

hollow, tight waviness profile more easily when they only

looked at the specimen than when they could look at it and

touch it at the same time (visual score close to sWku, sWsk

in the F1 axis), especially for LR surfaces (Fig. 3a, b). For

LT surfaces, consumers were more touch tolerant of the

Fig. 2 Descriptive statistics of

consumers’ scores for the 32

machined surfaces ranked in

decreasing order of visuo-tactile

scores: a LR surfaces and b LT

surfaces. Bars correspond to

error bars (about ±5 %)
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hollow, tight roughness profile (visuo-tactile score close to

sRsk and sRku in the axis F1–F2). In LR surfaces, these

roughness defects were less acceptable both in visual and

visuo-tactile situations. Touch was thus more sensitive to

waviness defects than roughness defects.

For visual defects correlated with preference scores, for

both LR and LT surfaces, (Fig. 3c, d), consumers showed

greater tactile tolerance of raised grain than visual toler-

ance (visuo-tactile score closer to ‘‘raised grain’’ in the F1

axis). Raised grain can be easily detected with a simple

visual observation of the machined surface, whereas

touching the surface may possibly smooth the raised grain

down. Cutting traces and torn grains were undesirable both

visually and by touch (visual and visuo-tactile score away

from ‘‘torn grain’’ and ‘‘cutting traces’’ in the F1 and F2

axis). These defects are easily observed with the naked eye

and easily detected by touch.

In a comparison of results between tactile and visual

perception of surface qualities, visual and visuo-tactile

consumer scores were very similar. This is in agreement

with studies by Hanbury and Gardieu (2001) and Guest and

Spence (2003), which affirm that in a bimodal appreciation

(visual and tactile), sensorial modalities have an additional

rather than a competitive role. Touch and vision enabled

the consumers to appreciate the surface qualities well. It

also appears that ‘‘good’’ surface quality was better

appreciated by the visuo-tactile modality than only visu-

ally, e.g. in the scores assigned to surfaces n� 1, 2, 9 and 10

(Fig. 2). For the surfaces qualified as ‘‘worst’’ by the

consumers, the visuo-tactile score was much harsher than

the visual score, e.g. for surfaces n� 7, 8, 15 and 16. Thus,

touch allowed more detailed appreciation of the surface

qualities, as also noted by Fujiwara et al. (2004), and

completed the information given visually. By touching the

surface, the sensory receptors at skin level interact directly

with the surface characteristics. Thus, when the fingers

move, signals are directly delivered to the receptors, which

justify the high perceptive quality of the tactile organ

(Ramananantoandro 2005).

3.3 Acceptability thresholds of surface parameters

The thresholds of surface parameters that were signifi-

cantly correlated with consumers’ scores were determined

by considering the value which corresponded to the aver-

age score (5 on a 10-point hedonic scale) (Tables 4, 5). If a

higher preference score, for instance 7.5 out of 10 was

taken into account, the thresholds obtained would be

Fig. 3 Visual and visuo-tactile

preferences mapping of

consumers in relation to

roughness and waviness

parameters: a for LR and b for

LT surfaces; In relation to visual

defects: c LR surfaces and d LT

surfaces. Diamond: roughness

parameters sR*, SMR1, SMR2

and visual defects. Square:

primary profile parameter sPa.

Circle: waviness parameters

sW*. Triangle: consumers

score, with VS visual score and

VTS visuo-tactile score
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different: for a score of 5 out of 10, the value of sRa is

10.75 lm; for 7.5 out of 10, sRa is equal to 8.25 lm. Thus,

the thresholds of parameters depend on the chosen pref-

erence scale. Nevertheless, it can be considered that sur-

faces which obtained scores above the average (5 or above

on a 10-point scale) were appreciated by consumers.

Moreover, by considering a higher scale, the value of

surface parameters obtained would be more strict and dif-

ficult to reach on a practical level.

The thresholds listed in Tables 4, 5 are maximum

acceptable values for all parameters except sWsk and

sWku, for which the threshold corresponds to the minimum

value for acceptable surface quality. For instance, sRa

should be less than 10.75 lm, sWku higher than 3.81 lm,

and the occurrence of torn grain and cutting traces should

not exceed level 2 and level 3, respectively.

Although there was no significant effect of the cutting

direction on the surface quality, or significant differences

between preferences for LR and LT surfaces, the thresholds

of parameters for LR surfaces (Table 4) are slightly higher

than those for the LT surfaces (Table 5). This means that,

for the same value of one parameter, LT surfaces are

slightly rougher than LR surfaces. Thus, the parameter

thresholds are much stricter.

It is also important to consider the fact that this study

was done on a single wood species. It is obvious that

Table 4 Analytical model

equations to predict the visual

VS and visuo-tactile VTS scores

and acceptability thresholds of

surface parameters correlated

with consumer preferences (for

LR surfaces)

Correlated parameters LR surfaces

Models R2 Thresholds (score 5/10)

Roughness parameters

sRa VS = 11.22–0.54sRa 0.65 11.6

VTS = 15.76–1.00sRa 0.75 10.75

sRq VS = 13.03–0.41sRq 0.57 19.8

VTS = 19.93–0.80sRq 0.74 18.69

sRk VS = 8.90–0.20sRk 0.60 19.99

VTS = 11.93–0.39sRk 0.81 17.62

sRpk VS = 10.32–2.53sRpk 0.68 2.10

VTS = 14.10–4.73sRpk 0.78 1.92

sRvk VTS = 16.90–0.31sRvk 0.55 38.44

Primary profile parameters

sPa VS = 7.12–(8.89 9 10-2)sPa 0.83 23.86

VTS = 7.71–0.14sPa 0.68 19.33

Waviness parameters

sWa VS = 7.95–0.10sWa 0.81 28.20

VTS = 8.75–0.15sWa 0.57 24.56

sWv VS = 11.44–(5.19x10-2)sWv 0.66 124.16

VTS = 14.19–(7.88x10-2)sWv 0.50 116.60

sWp VS = 8.43–(3.14x10-2)sWp 0.50 109.46

VTS = 10.42–(5.68x10-2)sWp 0.51 95.47

sWt VS = 11.23–(2.79x10-2)sWt 0.77 223.15

VTS = 14.74–(4.68x10-2)sWt 0.72 208.13

sWq VS = 8.28–(9.61x10-2)sWq 0.81 34.13

VTS = 9.26–0.14sWq 0.58 30.15

sWsk VS = -0.67 ? 3.57sWsk 0.81 1.59

VTS = -3.46 ? 5sWsk 0.53 1.69

sWku VS = 3.05 ? 0.61sWku 0.82 3.20

VTS = 1.75 ? 0.85sWku 0.53 3.81

Visual defects

TG VS = 15.57–0.83TG 0.55 3

VTS = 16.76–0.97TG 0.76 2

CT VS = 15.03–0.77CT 0.56 5

VTS = 16.58–0.95CT 0.86 3

Eur. J. Wood Prod.

123

Author's personal copy



these thresholds may vary according to the characteris-

tics of the species studied. Khazaeian (2006) showed that

the surface quality obtained varied depending on the

wood species machined. Nevertheless, it can be consid-

ered that the trends could be quite similar and research

aiming to identify a coefficient for each species, which

would be included in the analytical models linking

consumers’ scores and surface parameters, could be

interesting. Regarding the present study, the thresholds

of surface parameters obtained are extremely important

because they will help to determine the appropriate

cutting conditions to generate good surface quality for

consumers.

3.4 Acceptable cutting conditions corresponding

to the thresholds of surface parameters

As identified in Sect. 3.1, some cutting parameters have

significant effects on surface qualities, and so on surface

texture parameters (Table 3). The previous Sect. 3.3 gave

the threshold of surface parameters which corresponds to

Malagasy consumer preferences (Tables 4, 5). This last

section concerns the identification of acceptable cutting

conditions which enable industries to obtain optimal sur-

face qualities. Only visuo-tactile preference of consumers

is taken into account, as bimodal perception allows a better

appreciation of the surface. A contour plot (Fig. 4) and

Table 5 Analytical model

equations to predict the visual

VS and visuo-tactile VTS scores

and acceptability thresholds of

surface parameters correlated

with consumer preferences (for

LT surfaces)

Correlated parameters LT surfaces

Models R2 Thresholds (score 5/10)

Roughness parameters

sRa VS = 10.31–0.50sRa 0.50 10.56

VTS = 13.44–0.82sRa 0.57 10.26

sRq -* – –

– – –

sRk VS = 8.95–0.24sRk 0.60 16.82

VTS = 11.77–0.42sRk 0.89 16.13

sRpk VS = 8.14–1.60sRpk 0.56 1.96

VTS = 9.72–2.53sRpk 0.62 1.86

sRvk – – –

Primary profile parameters

sPa VS = 6.76–(9.81x10-2)sPa 0.68 17.96

VTS = 7.40–0.15sPa 0.67 16.50

Waviness parameters

sWa VS = 7.64–0.11sWa 0.60 23.37

VTS = 8.50–0.16sWa 0.53 22.16

sWv VS = 11.75–(5.87x10-2)sWv 0.52 114.94

VTS = 14.50–(8.44x10-2)sWv 0.50 112.55

sWp VS = 9.32–(4.29x10-2)sWp 0.50 100.60

VTS = 11.89–(7.10x10-2)sWp 0.57 97.01

sWt VS = 11.86–0.03sWt 0.63 213.29

VTS = 15.46–(5.01x10-2)sWt 0.69 208.68

sWq VS = 8.06–0.11sWq 0.63 28.62

VTS = 9.11–0.15sWq 0.55 27.33

sWsk VS = -1.41 ? 3.75sWsk 0.52 1.71

VTS = -4.15 ? 5.24sWsk 0.50 1.75

sWku VS = 2.37 ? 0.66sWku 0.55 3.99

VTS = 1.08 ? 0.93sWku 0.50 4.20

Visual defects

TG VS = 15.30–0.80TG 0.62 2

VTS = 15.67–0.84TG 0.69 2

CT – – –

VTS = 16.04–0.89CT 0.76 3

* -: no significant correlation
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abacus (Fig. 5) showing the acceptable cutting conditions

were established using the thresholds of each of the cor-

related parameters. The surface quality was mainly influ-

enced by the variation of feed speed and rotation speed.

Thus, these two cutting parameters were considered as the

main axis of the contour plot and the abacus. The down-

milling cutting mode was considered for machining as it is

safer than up-milling (Juan 2007). As the cutting direction

and the depth of cut did not lead to any significant effect on

surface qualities, LR surfaces and 5 mm of depth of cut

were arbitrarily considered.

Figure 4 shows that machining wood with a rotation

speed lower than 5000 rpm generated surfaces with high

visible peaks of waviness (boundary line of acceptable area

Fig. 4 Contour plots giving the

common acceptable cutting

conditions area (white area) for

all surface parameters correlated

with visuo-tactile preference of

consumers, for LR surfaces, in

down-milling cutting mode, and

with 5 mm depth of cut.

Continuous lines minimum

values of each measured

parameter, Dashed lines

thresholds of each of the

correlated parameters (for the

average score of 5 on a 10-point

scale)

Fig. 5 Acceptable cutting conditions (white area, the top number

corresponds to the average chip thickness in mm and the number in

parentheses corresponds to the feed rate per tooth in mm) common to

all surface parameters (in down-milling cutting mode) Vf feed speed

(m mn-1), N rotational speed (rpm)
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corresponds to sWp), and very pronounced torn grain

(boundary line corresponds to TG) not tolerated by con-

sumers. With a low rotational speed, the surface generated

was too highly degraded to be accepted by consumers.

However, when the rotation speed was increased, the sur-

face roughness decreased and the range of acceptable cut-

ting conditions tended to increase as demonstrated by

Costes (2001). Above 6000 rpm, it was observed that the

feed speed was the most discriminating factor, and affected

the surface quality most. Thus, when the feed speed is

increased, the feed rate per tooth (CT) defines the boundary

line of acceptable cutting conditions, with a maximum

recommended value of 0.5 mm, which corresponds to a

maximum average chip thickness of 0.18 mm (Fig. 5).

Beyond these values, the surface quality is no longer

acceptable. The mean surface roughness parameter sRa,

usually used in the literature, seemed to be less critical than

cutting traces in the consumers’ appreciation.

Finally, results show that, at low rotational speed, peaks

of waviness and torn grain are the surface defects not tol-

erated by consumers, whereas at high rotational speed,

cutting traces are most criticised, followed by the average

surface roughness sRa.

According to the present results, to obtain a surface

quality which consumers consider as good, industries must

choose in a balanced way the two discriminative factors

which affect the most the surface quality that are: rotation

and feed speed. It is then recommended to adjust the

rotation speed to a value, in the present case greater than

5000 rpm, and to adjust feed speed to avoid cutting trace.

The results show that this combination can be obtained

with a maximum feed rate per tooth of 0.5 mm, and a

maximum average chip thickness of 0.18 mm. Most studies

recommend working with an average chip thickness

between 0.02 and 0.1 mm to obtain a finish surface (Eyma

2002). However, this research has shown that industries

should just take into account the limit average chip thick-

ness recommended equal to 0.18 mm to optimize their

production and avoid over-quality.

4 Conclusion

This work had the specific scientific objectives of identi-

fying the thresholds of surface parameters which qualify

good surface quality for Malagasy consumers, and of

determining the appropriate cutting conditions. Analytical

models have been developed to define the relationship

between the preference scores of consumers and the sur-

face parameters.

The visual preferences were characterised by a lower

score than the visuo-tactile preferences. Thus, touch

allowed better appreciation of surface defects, because its

sensory receptor interacts directly with the surface char-

acteristics. In general, consumers like smooth surfaces,

with less visible peaks of waviness (threshold of sWp equal

to 95.47 lm), and without visible defects, including torn

grain and cutting traces (thresholds respectively equal to

second and third level). The discriminating factors that

most affect the surface quality of Famelona wood are the

rotational speed and the feed speed. The rotational speed

used must be more than 5000 rpm and, combined with the

feed speed, must allow the machine to work with a maxi-

mum feed rate per tooth of 0.5 mm, and a maximum

average chip thickness of 0.18 mm to obtain a surface

quality which consumers consider as good.

The thresholds of surface parameters were determined

with one species. Nevertheless, this approach can be

applied to other species. It could then be interesting to

develop a common analytical model giving the relationship

between the preference scores of consumers and surface

parameters, by including an additional coefficient specific

to each species. This study thus provides a starting point for

research into the surface characteristics liked by consumers

and the appropriate cutting parameter that will help

industries to improve their production.
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mémoire) (In French). Saint-Mandé, France
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tiques et sensorielles (Experimentation and comparison of three

classification methods of solid wood depending on their

roughness: pneumatic and sensorial methods) (In French) Ann

For Sci pp 435–452

Rajemison HA (2013) Proposition d’essences de substitution aux bois
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