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The average roughness (Sa), quadratic mean roughness (Sq), 
reduced peak height (Spk) and the material volume of the 
peak section (Vmp) are the roughness parameters best cor-
related with tactile evaluation of grain raising, but the cor-
relations are weak.

1 Introduction

Finishing is one important step in producing wood joinery. 
By forming a barrier between the wood and the environment, 
the finish provides some protection against environmental 
influences like moisture, damage or biological deteriora-
tion and often enhances the appearance of the wood surface. 
Achieving a good-looking finish on wood involves a com-
bination of two elements: the surface condition of the wood 
and the finishing treatment applied to it. Sanding operation 
has long been the standard practice in the joinery industry to 
remove machining imperfections and to achieve a homoge-
neous surface prior to coating application. However, sanding 
operation is time consuming, expensive (Taylor et al. 1999) 
and can also be a health hazard (Cool and Hernández 2011). 
Indeed, this operation produces fine dusts that are the most 
damaging particles to the human health because they can 
cause tiny wounds and scarring to the lungs (Hancock et al. 
2015). Long-term exposure can result in nasopharyngeal 
cancer (Bhatti et al. 2011). In France, wood dusts are ranked 
as the second most important cause of professional cancers, 
in terms of numbers of induced cancer in all industries, and 
is recognized as a professional disease. For example, 45% of 
cancers of the nasal cavity and paranasal sinuses are attribut-
able to occupational exposure to wood dust (SMTF 2011). 
Hence, finding alternative processes that could reduce the 
need for sanding operations is of high interest for industries. 
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Such a solution is intended to decrease production costs and 
minimise health risks.

In recent years, concerns about environmental air qual-
ity have prompted legislation in many countries to limit 
the volatile organic compounds (VOC) released by finish-
ing materials. Indeed, some VOC are considered as toxic 
and carcinogenic (Gregersen et al. 1987). Hence, low VOC 
alternatives; such as water-borne coating products have been 
introduced into the market (De Meijer 2001). Since then, 
legislations and wood industries tend to restrict the use of 
solvent rich coatings. However, the application of aqueous 
finishes to wood surfaces is known to raise the grain of the 
surface. This is thought to occur because wood machining 
induces cell damage and fibrillation on the surface (Cool and 
Hernández 2011), and these damaged zones swell after the 
application of the first coat and tend to protrude out from the 
surface. When the liquid evaporates and the coat dries, the 
fibers remain in their upright position so that the previously 
smooth surface can become fuzzy. When comparing the sur-
face roughness of wood surfaces coated with water-based 
and solvent-based varnish, Landry et al. (2013) found that 
water-based treatments induced greater surface roughness. 
Fiber fragments observed on surface were more abundant, 
with a value of quadratic mean roughness parameter Sq 34% 
higher compared to wood surface coated with solvent-based 
varnish. To eliminate raised grain, industries are obliged to 
practice light denibbing prior to applying the second coat 
of finish so as to remove the raised grain and thus obtain a 
surface without defects. This operation increases production 
costs and should be eliminated if possible.

Several studies have examined the influence of wood 
characteristics and machining parameters on the phenom-
enon of fibrillation and machining defects on the raw wood 
(Cool and Hernández 2011; De Moura and Hernández 
2006). However, to the authors` knowledge, few studies 
have determined which wood characteristics tend to enhance 
raised grain after-finishing. Marra and Syracuse (1932) stud-
ied the grain raising after moistening and found that grain 
raising on oak wood is mainly due to grain angle. It is greater 
for a grain angle higher than 3° and particularly for early-
wood. Wood density and moisture content were also found 
to have an effect on grain raising after finishing. This latter 
is greater in low-density wood than in high-density wood 
(Evans 2009 cited in; Landry et al. 2013). Raised grain can 
also be caused by moisture content differences between the 
time of machining and subsequent in-service performance 
(Singh et al. 2010). Physicochemical properties and/or wood 
anatomy certainly have considerable influence on the grain 
raising, as observed by Rajemison (2013). However, this 
author was not able to explain which characteristics were 
responsible for these differences.

It would appear that there are very few published studies 
on how to limit or avoid raised grain after finishing (Singh 

et al. 2010). Koehler (1932) compared the effect of hand 
sanding with fine sandpaper of the raw wood to manual 
planing on raising grain. He found that sanding is responsi-
ble for more raised grain than planing. Marra and Syracuse 
(1932) found that an increase in the size of the paper grit and 
sanding across the grain increases raised grain on sanded 
surfaces. Moreover, several studies also address the tactile 
perception of the raw wood surface (Fujiwara et al. 2001; 
Sinn et al. 2009; Ramananantoandro et al. 2014). However, 
to the authors` knowledge, few have investigated tactile per-
ception of grain raising on a finished surface.

Thus, the research question can be formulated as “how to 
eliminate denibbing operation between finishing coats and to 
avoid raised grain?” The research hypothesis is that a well-
designed and implemented planing operation can negate the 
need for a sanding operation between finishing coats.

2  Materials and methods

2.1  Testing materials

The species studied was European beech (Fagus sylvatica 
L.), a diffuse-porous wood with an average specific gravity 
of 710 kg m−3. This species typically has vessel diameters 
of 50–100 µm, with a frequency of 20–100 pores per square 
millimeter (Brazier and Franklin 1961). This species is of 
commercial importance in France and is frequently used for 
interior joinery.

Specimens were conditioned at 65% relative humidity and 
20 °C until they reached an equilibrium moisture content of 
around 12% before machining to reduce any possible mois-
ture content effects.

2.2  Machining operations

Specimen dimensions were 404 mm (length) × 50 mm 
(width) × 30 mm (thickness). Planing operation was used 
for preparing different surface qualities. This operation was 
performed on a 5-axis Biesse machining centre. A cutter-
head planing tool, with a diameter of 60 mm, 2 blades, a rake 
angle of 25°, a clearance angle of 10° and a knife angle of 
55° was used. Depth of cut was 3 mm. The choice of cutting 
conditions was established following a complete experimen-
tal plan with four factors (Table 1), leading to four values of 
average chip thickness  em (0.05, 0.15, 0.16, 0.49 mm) and 
four values of feed per knife  fz (0.23, 0.70, 0.73, 2.2 mm). In 
sum, the factorial design involved 24 conditions.

Regarding cutting direction, 0° indicates cutting mode 
90-0-II (generating a tangential face parallel to the growth 
rings or LT plane), 90° corresponds to the cutting mode 
90-0-I (generating a radial face perpendicular to the 
growth rings or LR plane) and 45°, which corresponds to 
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an intermediate machining mode exactly between the other 
two (Eyma 2002).

This experimental design was defined to generate dif-
ferent surface qualities referring to the average chip thick-
ness  (em) obtained via Eq. (1). Surfaces obtained ranged 
from “smooth”  (em = 0.05 mm) to “rough”  (em = 0.49 mm). 
Indeed, according to the INRS (2001), average chip thick-
ness should be between 0.02 and 0.04 mm to achieve fine 
finished surface (very smooth), from 0.04 to 0.16 mm for fin-
ished surface (smooth), and from 0.16 to 0.4 mm for rough 
finished surface. 

where D = tool diameter (mm),  em = chip thickness (mm), 
H = depth of cut (mm), N = rotation speed (rpm),  Vf = feed 
speed (m min−1), Z = number of teeth.

Equation 1 Average chip thickness  (em) for planing (Koch 
1964).

For comparison with existing practices in joinery indus-
tries, some specimens were also sanded prior to the applica-
tion of finish. As for planing operation, three surfaces were 
prepared using conventional planing and then sanded: at LT, 
RT and an intermediate plane between the other two. Two 
sanding programs were used: sanding with aluminum oxide 
abrasive with a single-stage (P100) and two-stage sanding 
program (P100–150). Sanding working depth was 0.2 mm 
and feed speed was 5 m min−1. Two replications for each 
test were performed for planing, and only one repetition for 
sanding. A total of 54 specimens were thus machined and 
finished.

2.3  Coating application

Application of finish products was done within 48 h after 
machining to have sufficient time to analyze the machined 
surfaces, but also to minimize their inactivation (Outahyon 
2008). A first aqueous coat MILESI HAC 8 Hydro (around 
110 g m−2) was applied by hand with a spray gun. After 
drying for 48 h, all samples were cut into two equal parts so 
as to have two samples of size 202 mm × 50 mm × 30 mm. 
The first half was first sanded manually with P320 grit prior 
to application of the second coat, as is commonly practiced 

em =

1000 ⋅ Vf

N ⋅ Z

√

H

D
,

in the industry and called denibbing operation. Second twin 
specimens were varnished directly after primer applica-
tion to study grain raising for different cutting conditions. 
The finishing product is a double layer water-based varnish 
MILESI HSC6A033 (around 110 g m−2). To avoid mix-
ing the two types of sanding operations, the sanding to be 
compared with planing operation prior to the application of 
primer will be called “sanding” throughout the text, whereas 
scuff sanding operation between primer and finish will be 
called “denibbing”.

2.4  Surface roughness measurement

Surface roughness was measured to evaluate raised grain 
occurrence on raw surface, after the primer and after the var-
nish application. The MicroMeasure profilometer from Stil 
Instruments equipped with a CHR 150 optical pen was used. 
The sensor had a vertical measuring range of 300 μm and a 
vertical resolution of 0.01 μm. The spot size of the sensor 
was 2 μm. Measurements were done on a sampling area of 
10 mm × 5 mm with a step of 30 μm. This value was chosen 
to be able to check raised grain. Roughness profiles were fil-
tered by a Gaussian low-pass filter with a cut-off of 0.8 mm. 
Altogether, a set of 10 roughness parameters was calculated 
from the filtered profiles obtained. Those parameters were 
chosen following the research by Larricq et al. (2004). One 
more parameter Sq was added to allow a direct comparison 
with Landry et al. (2013). These parameters are according 
to ISO 25178-2 (Blateyron 2006, ISO 2012): the amplitude 
parameters (Sa, Sq, Ssk, Sku), the spatial parameters (Sds, 
Sfd) and the functional parameters (Sr1, Sbi). As the study 
is focused on grain raising, two additional roughness param-
eters that describe peaks (Spk and Vmp) were also measured.

2.5  SEM observation

Wood blocks measuring 1 cm3 were cut at each stage of 
finishing: (1) on the machined raw wood, (2) on the fin-
ished wood with denibbing, (3) on finished wood without 
denibbing. Scanning electron microscopy (SEM) was used 
to assess the cell damage and the grain raising on each of the 
three types of samples. The samples were slightly inclined 
so as to observe the raised grain. Loose dust particles on 
the surfaces were removed using clean, dry, compressed air 
prior to SEM observation.

2.6  Tactile evaluation of grain raising

Raised grain occurrence was evaluated through tactile evalu-
ation (without looking) of the surfaces. Two experts evalu-
ated surfaces with primer only. Each expert evaluated the 
surface and the average score was considered. The experts 
have touched every surface one by one with three fingers by 

Table 1  Machining parameters and levels considered in planing

Parameters Levels

Cutting direction (CD) 0°, 45°, 90°
Cutting mode (CM) Up milling, down milling
Feed speed  (Vf) 7, 22 m min−1

Rotation speed (N) 5000, 15,000 rpm
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5 back and forth movements on the surface. A rating scale 
of 1–5 was used, so that score 1 was assigned to surface 
without raised grain and 5 to surface with the greatest raised 
grain. Similarly, for all the finished surfaces, a tactile assess-
ment of grain raising was carried out with two experts. The 
acceptable threshold corresponds to a score of 1. In other 
words, with a score of 1, it is considered that the consumer 
cannot detect the raised grain. By using this method, it is 
noted that the tactile scores on the finished surfaces with 

and without denibbing are fully comparable since both sur-
faces were analyzed together with the same rating scale. In 
contrast, tactile scores on the wood with primer only and 
those obtained with wood finishing products cannot be com-
pared because grain raising is higher on surface with primer 
only than on surface with finishing. Further, as score 5 was 
affected to the surface with the greatest raised grain, surface 
with score 5 is rougher on surface with primer only than 
surface with finishing.

Fig. 1  Scores obtained through 
tactile evaluation on each of the 
surfaces studied. Grey: scores 
on finished wood without denib-
bing between the two layers, 
Black: scores on the same wood 
but with denibbing between the 
two layers. Score 1: raised grain 
imperceptible to the touch, 
Score 5: surfaces with the great-
est grain raising

Table 2  Variance analysis of the effect of type of machining and planing parameters on the grain raising with associated analytical models

***Significant at the 0.1% level
**Significant at 1%
*Significant at 5%
‘’, not significant; +, positive correlation; −, negative correlation, CM cutting mode; CD cutting direction; Vf feed speed; N Rotation speed; em 
average chip thickness; Vc cutting speed; fz feed per teeth

Machining parameters Tactile score representing 
raised grain after primer 
 (S1)

Tactile score representing raised grain 
after finishing, without denibbing between 
primer and finish  (S2)

Tactile score representing raised grain after 
finishing, with denibbing between primer 
and finish  (S3)

CM ** **
Vf * (r = 0.376)

S2 = 0.0352Vf + 2.523
N *** (r = − 0.617)

S1 = − 8.333e−05N + 4.292
** (r = − 0.402)
S2 = − 6.958e−05N + 3.744

CD
em *** (r = 0.654)

S1 = 2.673  em + 2.881
*** (r = 0.557)
S2 = 2.763  em + 2.447

Vc *** (r = − 0.617)
S1 = − 0.026  Vc + 4.291

** (r = − 0.402)
S2 = − 0.022  Vc + 3.743

fz *** (r = 0.654)
S2 = 2.88 + 0.597*fz

*** (r = 0.557)
S2 = 2.446 + 0.617*fz

CM*Vf

CM*N **
CM*CD
Vf*N
Vf*CD
N*CD
CM*Vc **
Type of machining 

(sanding vs. plan-
ing)

*** ***
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2.7  Statistical analysis

Analysis of variance was used to assess the influence of 
the type of machining and cutting parameters (factors) on 
the tactile scores (responses). Confidence interval at 95% 
was used to represent graphically the effect of each factor. 
Parametric test was used because the data were normally 
distributed (Shapiro–Wilk normality test) and variances 
were similar (Levene’s test). In addition, linear regression 
analysis between measured roughness parameters and tactile 
scores was done to identify parameters that best correlate 
with grain raising without denibbing. Statistical analysis was 
performed using R software packages.

Fig. 2  Relationship between tactile scores after applying the primer 
and after applying the finishing product without denibbing. The bars 
represent the confidence interval at 95%

Fig. 3  Influence of denibbing 
between primer and finish on 
the grain raising after finishing. 
Score 1: raised grain impercep-
tible to touch, Score 5: surfaces 
with the greatest grain raising. 
Acceptable threshold = 1. The 
bars represent the confidence 
interval at 95%

Fig. 4  Environmental scanning electron microscopy micrographs 
of finished wood surfaces (a) without denibbing, (b) with denib-
bing. Both surfaces were planed with the same conditions as fol-

lows: up-milling,  Vf = 22  m  min−1, N = 5000  rpm,  em  =  0.49  mm, 
 Vc = 15.70 m s−1, cutting direction 0°. Magnification: 110
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Fig. 5  Environmental scanning electron microscopy micrographs 
of machined wood surfaces: on the left—plane perpendicular to 
the cut to observe the cellular damage and fibrillation under the 
machined surface, on the right—slanted tangential plane to observe 
the cellular damage and fibrillation on the surface. (a, b) Planed sur-
face. Up-milling,  Vf = 22 m min−1, N = 15,000  rpm,  em = 0.16 mm, 

 Vc = 47.12 m s−1,  fz = 0.73 mm, cutting direction 0°. c, d Planed sur-
face. Up-milling,  Vf = 22  m  min−1, N = 5000  rpm,  em  =  0.49  mm, 
 Vc = 15.70  m  s−1,  fz = 2.2  mm, cutting direction 0°. e, f Sanded 
surface: P100–P150, cutting direction 0°. Magnification = 175 for 
Fig. 5a–e, Magnification = 87 for Fig. 5f
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3  Results and discussion

3.1  Tactile assessment of the surfaces obtained 
after primer and finish coats

Tactile scores ranged from 2 to 5 for surfaces covered only 
by the primer. A score of 2 was assigned to only one sample. 
This means that regardless of the cutting conditions, none 
of the combinations of machining parameters generated a 
surface that did not lead to raised grain after the application 
of the primer. Tactile scores ranged from 1.5 to 5 for the 
finished surfaces without denibbing between coats. There-
fore, whatever cutting conditions used, it seems impossible 
to obtain surfaces without raised grain (i.e. with a score of 
1) without going through a denibbing stage between coats. 
Tactile scores ranged from 1 to 2 for the surfaces with denib-
bing between coats (Fig. 1), indicating that regardless of 
the cutting conditions, a smoother surface is obtained if 
denibbing is practiced. Consequently, it is recommended 
that industries use cutting conditions allowing greater pro-
ductivity (high speed) without surface defects such as knife 
marks, chips marks, etc. because a denibbing step is neces-
sary and this should remove any raised grain that might arise 
from high speed machining. However, some surfaces still 
exhibit few raised grain (score 1.5 for 15 surfaces, score 2 
for 6 surfaces). Since denibbing operation was performed 
by hand, there may be little difference in denibbing quality. 
Other reason may be that touch perception is subjective. A 
score of 1.5 means one expert gave the score of 1 whereas 
the second one gave the score of 2. No particular cutting 
conditions have been found to explain those higher score 
surfaces (Table 2).

There is a positive correlation between the tactile scores 
obtained after primer and those obtained after finishing on 

non-denibbed surfaces (r = 0.55, p < 0.001) (Fig. 2). An 
area with lots of raised grain after the deposit of the primer 
always had lots of raised grain after depositing finish. In 
fact, the finishing product reproduced and even increased 
the surface irregularities generated with the deposition of 
the primer. Similar findings were made by Arnold (2010), 

Fig. 6  Influence of the type of machining on grain raising after finish 
without denibbing. Score 1: raised grain imperceptible to the touch, 
Score 5: surfaces with the greatest fibers raising. Acceptable thresh-
old = 1. The bars represent the confidence interval at 95%

Fig. 7  Effect of cutting parameters on grain raising after finish with-
out denibbing: a feed speed at the same average chip thickness of 
0.16 mm, b average chip thickness, c feed per knife. Score 1: raised 
grain imperceptible to the touch, Score 5: surfaces with the greatest 
grain raising. Acceptable threshold = 1. The bars represent the confi-
dence interval at 95%
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although he did not study grain raising phenomenon but sur-
face roughness after coating application. He found that the 
finishing product reproduces the irregularities of the raw 
wood surface. Smooth wood surfaces led to a smooth and 
regular coating film whereas rougher wood surfaces cause 
a very irregular film thickness. Consequently, if the grain is 
raised after the first coat of finish, then it is essential to apply 
a denibbing step.

Discussion can be raised because coating application 
has not been done directly after machining, but within 48 h 
after machining. This period may have interfered with fin-
ish penetration or the anchoring ability of the finish to the 
wood substrate because of surface inactivation (Aydin 2004; 
Gindl et al. 2004).

3.2  Influence of the denibbing operation on the surface 
quality

Analysis of variance shows that denibbing between coats has 
a significant effect on reducing finished surface roughness 
(p = 0.001, df = 1, α = 0.05) (Fig. 3). The denibbed surfaces 
had fewer surface defects after finishing. This is consist-
ent with the objective of this operation, which aims at the 
elimination of high points perceptible to the touch that are 
synonymous with poor surface quality. Figure 4 shows an 
example of SEM examination of surfaces obtained from the 
same cutting conditions on non-denibbed samples (a) and 
denibbed samples (b). Denibbed samples showed much bet-
ter surface quality with fewer irregularities.

3.3  Microscopic observation of machined surfaces

Visual assessments of machined surfaces were done using 
SEM images to help understand how the machining and 
cutting conditions affect grain raising after finishing. The 
SEM examination of tangential sections shows torn fibers 
and fibrillation on the surfaces of machined wood. Planed 
surfaces were characterized by torn fibers and by lumens 
of open vessels. The lumens appeared to be empty because 
the planing operation generated little dust (Fig. 5a–d). In 
contrast, sanded woods exhibited significant fibrillation, 
surface cells were damaged. Vessel lumens were partially 
or totally clogged with lying fibers, the surface and the cavi-
ties were filled with wood dust (Fig. 5e, f). These results 

are in agreement with those of Cool and Hernández (2011) 
who showed that sanded surfaces have more fibrillation than 
planed surfaces. Indeed, negative rake angles produce more 
micro fibrillating (type 3 chips) (De Moura and Hernández 
2006).

The difference between the surfaces shown in Fig. 5a, b 
and c, d is attributed to the average chip thickness (0.16 vs. 
0.49 mm). It is observed that the majority of the fibers were 
torn on the planed wood with a higher  em, while the fibers 
were cut much sharper for wood planed at lower  em.

3.4  Influence of the type of machining on the grain 
raising after finishing

When there is not a denibbing step between the applications 
of the finish layers, then the planing operation generated less 
raised grain than surface preparation by sanding (Table 2; 
Fig. 6). Concerning denibbed surfaces, the fragments of 
fibers and cell wall crushed in the pores can be perceived 
by the touch after deposit of the finishing product. As seen 
previously in Fig. 5, the sanding generated more fibrillation, 
and once in contact with the primer, these damaged cells 
raised in greater quantities than in the case of planing. In this 
case, pores lying at the surface were cut and opened so that 
there were fewer bristles after moistening the area with the 
finishing product. This result is consistent with those found 
by Koehler (1955).

3.5  Effect of planing parameters on grain raising

As seen previously, planing operation generated less raised 
grain than sanding operation. Therefore, the optimisation of 
the planing parameters to significantly reduce grain raising 
was conducted. The analysis of variance (Table 2) shows that 
if this analysis is done separately,  Vc and  Vf have an effect 
on grain raising after finishing without denibbing. However, 
as shown in Fig. 7a, at equivalent average chip thickness of 
0.16 mm, there is no effect of  Vc on the grain raising. So the 
parameter that has a real effect on grain raising is  em, which 
is a combination of  Vc and  Vf (Fig. 7b) and as a consequence 
the feed per teeth  fz (Fig. 7c).

Whatever the cutting direction considered between 0 and 
90° and whatever the case considered, either surface with 

Table 3  Pearson correlation coefficient between tactile scores after finishing without denibbing and surface roughness parameters calculated (a) 
on raw surface before applying the primer; (b) on the same surface after application of primer and finish, without denibbing

In bold: significant at the 1% level

Roughness parameters Sa Sq Ssk Sku Sds Sfd Sr1 Sbi Spk Vmp

(b) Raw surface 0.318 0.291 0.329 0.020 −0.081 −0.054 −0.271 0.161 0.351 0.352
(a) Finished surface with-

out denibbing
0.495 0.483 −0.007 −0.046 −0.294 −0.208 0.368 0.150 0.439 0.436
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primer only or finish with or without denibbing, the differ-
ences observed on raised grain are not significant (Table 2). 
However, average surface roughness (Sa) of the three planes 
studied is different (p = 0.005, df = 2, α = 0.05). Sa is higher 
in a longitudinal-radial plane compared to a longitudinal-
tangential plane, which is consistent with the literature 
(Sogutlu 2010). Structural configuration of the wood is dif-
ferent between these directions and fibers break off from 
the springwood tissue after machining. It seems that this 
anatomical difference does not affect grain raising.

As observed earlier, the denibbing operation smoothed 
all high points and homogenized tactile scores of surfaces 
obtained, and thus, the analysis of variance shows that none 
of the factors studied affected the grain raising after finishing 
with denibbing (Table 2).

To further formalize the results, linear correlations 
between the machining parameters and the three tactile 
scores were calculated between: raised grain after primer, 
raised grain after finishing without denibbing between the 
two coats, and raised grain after finishing with denibbing 
between coats (Table 2). The results obtained with the aver-
age chip thickness  (em) show that acceptable surface condi-
tions would be obtained with low  em. However, in view of 
the results (Fig. 7b), it is not possible to propose a solution 
allowing to get an acceptable surface. In other words, no 
planing condition could give a surface with no raised grain at 
all. These results thus clearly show the difficulty of eliminat-
ing denibbing operation to obtain a surface without raised 
grain after finishing.

In the majority of French joinery, denibbing operations 
are often done with an automatic machine. Thus, flat-faced 
objects are often sanded correctly. However, automatic sand-
ing machines cannot sand non flat-faced objects such as 
moldings. So even though the denibbing operation is always 
necessary, for those objects for which denibbing is not pos-
sible, then it is advisable to minimize average chip thickness.

3.6  Relationship between roughness parameters 
and raised grain

Correlation coefficients between tactile score on finished 
surface without denibbing and roughness parameters meas-
ured on raw surface are not significant (Table 3). That means 
it is not possible to estimate raised grain after finish before 
application of primer.

Regarding roughness parameters measured on non-
denibbed finished surfaces, four parameters are significantly 
correlated with the tactile scores on non-denibbed finished 
surfaces at the 1% level: the arithmetical average rough-
ness Sa, the quadratic mean roughness Sq, the reduced peak 

Fig. 8  Tactile scores on finished surfaces without denibbing vs. 
roughness parameters a Sa, b Sq, c Spk, d Vmp 
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height Spk and the material volume of the peak section Vmp 
(Table 3; Fig. 8). In all cases, the correlation coefficients are 
low  (r2 < 0.24). Landry et al. (2013) found Sq parameter to 
represent grain raising, without studying beforehand the cor-
relation between this parameter and the touch. It seems this 
parameter can be used to represent raised grain after finish.

The correlation between tactile scores and Spk parameter 
was predictable because this parameter is a measure of the 
peak height above the core roughness, which is perceptible 
by the touch. It is the same for Vmp, which is calculated 
from the material ratio curve like Spk, representing the mate-
rial volume of the peak section. The lack of correlation with 
the other parameters studied, which are generally used to 
characterize peaks on surfaces, is quite surprising. It might 
have been relevant to take into account all the roughness 
parameters from ISO 25178-2 standard and not only those 
which are considered as independent in the study of Larricq 
et al. (2004).

From these results, it seems that touch is sensitive not 
only to peak height but to material volume of the peak sec-
tion as well. This may explain why the correlation is weak 
and that correlation with the other geometrical parameters 
characterizing peaks on surfaces was not found. Other pos-
sible explanation may be that the tactile sensibility thresh-
old (300 µm according to Ramananantoandro et al. 2014) is 
lower than the profilometer resolution (2 µm).

4  Conclusion

This research shows first that the planing operation pro-
duces surfaces having significantly less raised grain than 
sanding operation. A decrease in the average chip thickness 
reduces raised grain. However, it is not yet possible to elimi-
nate denibbing operation between primer and finish coats. 
Finally, it is proposed that the four related parameters, Sa, 
Sq, Spk and Vmp, could be used to quantify surface quality 
as perceived by a subjective touch test, indicating that the 
raised grain perception is related not only to peak height but 
to material volume of the peak section as well. A potential 
improvement would be to include both visual and tactile 
evaluation directly with consumers. The objective will be 
to identify which combination of roughness parameters can 
characterize as accurately as possible subjective assessment 
of grain raising by consumers. Finally, it would be recom-
mended to increase replications to confirm the results of 
this work.
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