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This paper addresses the identified issue of the inefficient 
use of post-consumer wood (PCW) in the technological wood 
processing due to its surface contamination. An option to resolve 
this issue by cleaning PCW in a mechanized manner has been 
proposed, specifically by using a needle milling tool and select-
ing the tension value and feed rate. The impact of the tension of 
needle milling tools before processing on the cleaning depth of 
the contaminated surfaces of workpieces made from the PCW 
has been determined. The constructed model of the contact 
between a needle milling tool and the contaminated PCW sur-
face has made it possible to describe the essence of the clean-
ing technique involving this tool. It was found that the depth of 
the layer removed by the needle milling tool’s wire is reduced in 
proportion to an increase in the distance before cutting is com-
pleted. A nomogram has been built to determine a change in the 
front angle depending on the needle milling tool’s tension value. 
Knowing the front angle at a certain point of the needle touch 
on the contact arc enables determining the thickness of clean-
ing, which is important for practical application, specifically, 
at a tension of 4.5 mm the thickness of the removed material can 
equal 3.46 mm. An adequate regression model was derived, the 
analysis of the coefficients of which showed a significant impact 
of tension (+0.895) on the depth of cleaning over the feed speed 
(+0.256). The devised model makes it possible to forecast the 
thickness of the removed layer to ensure the required cleanli-
ness of the PCW wooden. Practical recommendations on the 
operational modes of a needle milling machine have been for-
mulated: the feed rate should equal 10–12 m/min, the tension –  
0.5–5.0 mm, which could ensure, depending on the material’s 
type, hardness, and the kind of PCW surface contamination, 
the removal of the surface layer with a thickness of 0.4–4.0 mm. 
A rational tension of the needle milling tool of 2.5 mm has been 
proposed for industrial application, which ensures the cleaning 
depth of contaminated surfaces within the range of 1.8–2.2 mm
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1. Introduction

A potential resource and an underutilized base of wood 
raw materials, whose reserves increase in proportion to the 
development of the country’s industry and economy in gene
ral, are the stocks of post-consumer wood (PCW). While 
being an additional resource of timber mass [1, 2–7], this 
raw material, due to the lack of technological advancements 

and recommendations (from collection to the manufacture of 
size-quality blanks and products), is not involved in process-
ing at the furniture and woodworking enterprises.

It is a relevant task to develop highly efficient mechanical 
techniques to clean PCW, which would maximally take into 
consideration the physical-mechanical properties of recycled 
materials. That is why this scientific study is aimed at determin-
ing the regime parameters for the surface cleaning of post-con-
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sumer wood with a needle milling tool. This is of interest to 
woodworking specialists as the maximum utilization of wood 
waste, including cleaned PCW, under modern conditions pro-
vides manufacturers with an additional source of raw materials.

2. Literature review and problem statement

There are studies that addressed the possibility of utiliz-
ing PCW in the production of carpenter plates [6, 7], which 
involved PCW as it is for the inner layer of plates, as well 
as in the crushed form [7, 8], which indicated ways to clean 
the crushed PCW. However, as for the use of PCW in a mas-
sive (whole) form in wood processing, there are no develop-
ments or the problem was not sufficiently studied [6, 7, 9–13].  
However, the use of wood waste, specifically PCW, as a mate-
rial without additional treatment, is problematic, particularly 
due to various contaminations of timber. The issue is related 
to removing a top layer from the panel elements: paper, films, 
veneer, paint and varnish coatings. The task implies choosing 
a tool with which it would be possible to clean (polish) these 
coatings with different hardness [14]. Therefore, there is  
a problem – how do we clean up PCW? Sanding and abrasive 
tools cannot always be used for this purpose. Needle milling 
tools and wire brushes have long and successfully been used 
for machining metals, plastics, rubber, and other materials. 
These tools are extremely reliable, durable, and ensures the 
necessary quality of the treated surface.

Timber waste, specifically post-consumer wood, as an 
additional reserve of raw materials, attracts great interest 
of scientists to the methods and directions of its process-
ing [1–5, 15]. Paper [1] reports a study into the burning of 
PCW rather than using it as a material. Works [2, 3] detail 
the assortment and growing number of PCW but do not 
specify rational ways of material use of a given raw-material 
additional resource. Papers [4, 5] describe the processes of 
timber processing after using it, as well as wood residue, but 
there are no specified or described processes for cleaning con-
taminated wood, no practical recommendations are offered. 
Study [15] notes a change in the characteristics of wood with 
age, which is typical of PCW. The issue of cleaning it from 
various contaminants remained unresolved.

At present, there is a series of scientific advancements 
by scientists regarding mainly the ways of cleaning metallic 
surfaces, specifically by needle milling tools or brushes. Scien-
tific, theoretical, and practical studies [16–19] examined the 
impact of the processing mode parameters involving needle 
milling on the formation and optimization of the geometric 
structure of the surface of the steel blanks. The authors pro-
posed the regime parameters for surface treatment (cutting 
speed, feed speed, and tension) that form the roughness 
characteristics for steel parts. They also constructed mathe-
matical models that make it possible to optimize the needle 
milling mode parameters depending on the requirements 
for the roughness of workpieces’ surfaces. The magnitude of 
a needle milling tool tension for other materials other than 
metal was not investigated. Paper [20] reports the dependen
ces of roughness parameters on the structural and geometric 
parameters of a needle milling tool during cleaning, decorative 
processing, and cutting of metals. The authors suggested  
a mechanized process of deburring using the designed compos-
ite needle milling tools. The issue of processing wooden con-
taminated surfaces, having different thickness of coatings and, 
moreover, made from different materials, remains unresolved.

Based on the study results, it was found in [21] that metal-
lic brushes of different designs during rotation in a contact with 
the workpiece create a surface relief in the form of smoothing, 
scratching, and cutting. The authors devised recommenda-
tions for machining metallic surfaces with brushes, which 
relate to reducing surface roughness, removing corrosion and 
paint coatings, processing hot-rolled metal, increasing the 
amount of forging; they found that an important characteristic 
of the process of machining the articles with rotating metallic 
brushes is the overlap factor, which depends on the parameters 
of the brush and processing mode. The issue is due to that the 
brushes as a tool cannot clean contaminated surfaces because 
they have lower elastic properties in contrast to needle milling 
tools. Papers [22, 23] report the results of studying the nature 
of the interaction between a needle milling tool’s wires and 
the treated surface – contact zones, the impact of cutting 
modes, and the tool parameters, on process performance.  
It was established that of all processing parameters, tension 
has a greater effect on the size of the contact area of a needle 
milling tool than the speed of cutting. The authors did not 
investigate the effect of tension before treatment on the depth 
of cleaning, specifically wooden contaminated blanks; no no-
mogram was built to determine the front negative angle.

The author of work [24] resolved the issue of stiffness 
during the elastic contact between a needle-milling tool’s 
micro cutters and the surface of the hardened pitch. The 
essence of the contact problem is to establish the interaction 
of two elastic bodies and the principle of distribution of the 
system’s potential energy, in which the rigidity of structural 
interaction approaches a maximum. The proposed criterion 
of the optimality of the specific energy of deformation can be 
used in the study of the processes of cleaning PCW. The issue 
of the tension of a needle-milling tool’s cutters relative to the 
surface of the cleaned workpiece was not solved.

It was established in [25] that the needle milling pro-
cess, which is widely used in metalworking, is effective for 
the debarking of round timber, which makes it possible to 
clean logs and regulate the degree of bark removal. It was 
found that needle milling tools are highly durable and are 
capable of self-sharpening. The paper did not investigate the 
issue of plane cleaning, but only cylindrical, specifically logs 
from the bark. Study [26] devised recommendations for the 
use of needle milling tools for wood polishing and proposed 
cleaning by the needle milling tools the panel assembly units 
of old furniture items whose service expired. Several studies 
addressing the cleaning of sized-fit elements from PCW 
using needle milling tools are reported in [6, 7, 10–12, 26]. 
It was found that those studies did not resolve some issues, 
specifically, the authors did not build a regression model of 
PCW cleaning depending on the feed rate and tension for 
the development of mode parameters of the operation of  
a needle-milling machine; no practical recommendations on 
regime parameters for the surface cleaning of post-consumer 
wood by needle-milling tools were offered.

Thus, there is a problem of recycling post-consumer 
wood, particularly in the whole massive cleaned form. Wood-
workers typically used primary wood for production and did 
not pay attention to the increasing amount of PCW in each 
country. In order to reduce the environmental burden, it is  
a pressing issue today to materially utilize cleaned PCW. 
Practical recommendations are required to apply PCW 
industrially. In other words, there is a concern for the 
woodworking sector – the absence of resource-saving and 
environmentally-friendly technologies for the preparation of 
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the PCW product range, specifically at the stage of surface 
cleaning. All this suggests that it is advisable to conduct 
scientific, theoretical, and practical studies aimed at the 
development of regime parameters for the surface cleaning of 
PCW by needle milling tools in industrial production. The 
result would be the material utilization of PCW rather than 
burning this additional wood resource.

3. The aim and objectives of the study

The aim of this study is to determine the regime parame-
ters for the surface cleaning of post-consumer wood using the 
needle-milling tools.

To accomplish the aim, the following tasks have been set:
– to determine the effect of the needle milling tools’ ten-

sion before treatment on the cleaning depth of the contami
nated surfaces of workpieces made of post-consumer wood;

– to build a regression model of PCW cleaning depend-
ing on the feed rate and tension in order to develop the opera
tional mode parameters of a needle-milling machine;  

– to offer practical recommendations regarding the re-
gime parameters of the surface cleaning of post-consumer 
wood using the needle milling tools.

4. Materials and methods to study the regime parameters 
of the surface cleaning of post-consumer wood using  

the needle milling tools

4. 1. The examined materials and study methods
Our study used the woodwork and construction products 

whose service life expired, specifically, old window and door 
frames, roof wooden structural elements, plank floor. These 
wooden materials, with their surface contamination [10–12] 
with various organic and inorganic protective means, paint 
and varnish, paper, or film materials, were exposed to clean-
ing and could become measurable and high-quality blanks for 
woodworking industries.

Basic methods: a mathematical theory of experiment 
planning – to derive regression models and analyze them; 
mathematical modeling – to solve the optimization problems 
of the mathematical and regression models; mathematical 
statistics – to treat the results of experimental studies, spe-
cifically the Statgraphics software. The experimental and 
theoretical studies were conducted using a system approach, 
employing computers and available software.

4. 2. Simulation of the process of surface cleaning of 
blanks made from PCW using the needle milling tools

To simulate the surface cleaning process, a principal dia
gram was built for the cleaning of PCW surfaces by needle 
milling tools (Fig. 1).

The study’s output parameter is cutting depth, t, mm. The 
input parameters for the study description: Rnm is the radius 
of a needle milling tool, mm; h is the tension before process-
ing, mm; hр is the tension during cutting, mm; d is the needle 
diameter, mm; l is the needle length, mm; a is the gap bet
ween the body and surface, mm; α is the rear angle  (formed 
during processing), degrees; β is the angle of needle shar
pening, 90°; θ is the front angle, degrees; γ = θ–90 is the  
front angle, degrees; νs is the feed rate, m/min.

To determine the output parameter (cutting depth), 
we have built an estimation scheme of the PCW surface 

cleaning process using a needle milling tool. Fig. 2 shows 
the principal simulation of surface cleaning with four pairs 
of needles, which, due to a different tension during cutting, 
have different angles of needles tilt. For a full assessment of 
the process of cleaning with needle milling tools, a frontal 
model of cleaning was constructed (Fig. 3).
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Fig. 1. Modeling the process of PCW surface cleaning 	

by a needle milling tool
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Fig. 2. Estimation scheme of the PCW cleaning process 	
using needle milling tools
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Fig. 3. Frontal diagram of the PCW needle milling process

In order to control the process of needle-milling, it is 
necessary to know the nature of the tool’s interaction with 
the cleaned surface, the impact of processing modes, and tool 
parameters on the performance of the process and the quality 
of the cleaned surface. Therefore, the use of needle-milling 
to clean the surface, similarly to other methods of wood 
processing, requires the optimization of parameters of the 
technological operation of cleaning.

Fig. 3 shows that the highest height of profile irregularities 
and the depth of the layer removed by the wire of needle mill-
ing tool decreases with an increase in the distance before the 
end of cutting, that is, with the increase in its serial number.  
That is, the fourth pair of cutting elements, as shown in the 
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principal diagram, cuts the smallest layer. This is due to that 
as the layer that is removed decreases, the gap between the 
base of the needle milling tool and the surface of the partially 
cleared workpiece increases. This reduces the front negative 
cutting angle (that is, tension, respectively) and the profile 
of the cutting wire of the needle milling tool in the frontal 
cross-section.

4. 3. The procedure of the experimental study
We have experimentally determined at the needle-milling 

machine (Fig. 4) the cleaning depth t at two variable factors: 
the feed rate vs and tension h.

  

Fig. 4. Experimental installation for surface cleaning using 	
a needle milling tool

To carry out experimental research, we selected a com-
positional plan with an orthogonal part at the center of the 
plan (B-plan of the second order). The reasons for choosing 
the composition plan are the following factors: the simplicity 
and ease of use; the possibility of a staged transition from  
a linear to the quadratic model.

To perform the factorial experiment aimed at determining 
the depth of cleaning t (output variable), two variable factors 
were studied: the feed rate vs in the range of 6–18 m/min, and 
the tension h within 0.5–4.5 mm (Table 1).

Table 1
Experiment methodological grid

No. Title
Measur-
ing unit

Desig-
nation 

Change 
interval

Factor level

–1 0 +1

1 Feed rate m/min vs 6 6 12 18

2 Tension mm h 2 0.5 2.5 4.5

The feed rate is selected based on the structural charac
teristics of the machine and is rational for these types of 
operations that provide appropriate performance. The range 
of the working tension would ensure the complete removal 
of the corresponding thickness of the contaminated material 
layer from the PCW surface. The most likely layer of the 
material to be cut would be within 0.5–2.5 mm.

5. The results of studying the regime parameters of  
the surface cleaning of post-consumer wood using  

the needle milling tools

5. 1. Determining the impact of the needle milling tool 
tension before treatment to the depth of cleaning the conta
minated surfaces of blanks made from post-consumer wood

The theoretical model of the controlled parameters of 
PCW cleaning is represented through geometric calcu
lations. The total depth of cleaning t∑ is the sum of the depth 
of layers that are cut by the i-th element.

The total cleaning depth t of the surface contaminated 
layer during PCW cleaning is recorded by the following 
formula:

t∑ = t1+t2+t3+…+tі,	 (1)

where tі = 0.5 ·di ·sinγi = 0.5 · di · sinαi; d is the needle diame-
ter, mm; α is the rear angle (formed during processing), de-
grees; θ is the front angle; degrees; γ = θ–90 is the front angle 
(negative for needle milling tools), (γi = αi) degrees.

After fitting to expression (1), the cleaning depth formula 
will take the following form:

t∑ = t1+t2+t3+…+tі = 

= 0.5·di · (sinγ1+sinγ2+sinγ3+…+sinγі).	 (2)

To determine the front and rear angles of the cutting ele-
ments required for the numerical calculations of the cleaning 
surface depth, a scheme of cleaning blanks from PCW was 
built, designating the contact sectors (Fig. 5). In this case, 
the following properties of needle milling are manifested:

1) the presence of three sectors of the tool contact with 
a workpiece: the area of the preliminary needle deformation; 
the contact area with cutting sections and needle sliding on 
the cleaning surface; the zone of accelerated movement of 
needles after detachment from the workpiece; 

2) an increase in tension leads to a decrease in the front 
angle θ and an increase in the negative angle γ of the cutting 
elements; 

3) a significant impact on the size of the area of direct con-
tact is exerted by tension, and much less – the speed of cutting.

Based on the analysis of the built model of contact bet
ween a needle milling tool and the PCW surface, we obtain 
several central sectors, which are separated by conditional 
points from 1 to 5. All angular measurements originated from 
central point 3. All needles located on the left of point 1 oc-
cupy a strictly radial direction. In the movement from point 1  
to 2, the needles gradually bend. Point 2 denotes the begin-
ning of the needles’ touch to the cleaning surface, where the 
deformity increases, and the front angle θ decreases. Point 3 
is on a normal to the surface, which passes through the axis of 
the needle milling tool. Passing the distance between points 2 
and 3 by 50–70 %, the front row of needles, which is clamped 
by the following ones, begins the process of cleaning the 
PCW surface. When the tool is rotated further, the distance 
between the base of the needles and the surface increases. 
This reduces their deflection and increases the front angle, 
which ensures the efficiency of the cutting process. Then the 
needles come to the surface and slide on it at an increased 
speed. The accelerated movement of needles starts at point 4.  
When moving to point 5, all needles acquire a radial posi-
tion. Thus, we obtain the central angles: j1–j2 is the angle 
when the needles begin to deform; j2+j4 is the angle when 
they contact the PCW surface; j5–j4 is the angle when the  
needles are detached from the cleaned PCW surface.

Based on the results of experimental studies, a nomogram 
was built (Fig. 6), which determines a change in the front angle  
depending on the tension value of the needle milling tool, 
that is, based on the length of the deformed contact arc (the 
larger the tension, the greater the arc length). Thus, knowing 
the front angle at a certain point in the touch of the needle on 
the contact arc, one can determine, in numerical terms, the 
thickness of cleaning tі.
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Fig. 5. The sectors of needle contact with the surface 	

of a PCW workpiece

Fig. 6. Nomogram determining the front negative angle
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The results of theoretical studies of the cleaning depth ac-
cording to formula (2) are given in Table 2 and shown in Fig. 7.

Table 2
Data from the theoretical studies of cleaning depth

Ten-
sion 
h, mm

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Angle 
chan
ge, °

12/11 14/11 16/12 18/13 20/14 22/15 24/17 27/17 29/18 31/18

Quan-
tity і

1 3 4 5 6 7 7 10 11 13

Depth 
t, mm

0.31 0.62 1.22 1.82 2.11 2.39 2.66 3.21 3.46 4.00

y = 0.3995x - 0.0181 
R2 = 0.9896

0
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Fig. 7. Dependence of cleaning depth t on tension 	
before the process of PCW processing

When fitting the values of angles that arise during the 
cutting process and depend on the tension to the theoretical 
model makes it possible to predict the thickness of the layer 
that is removed. The results of the graphical interpretation 
show an almost direct proportional relationship between the 
input and output factors.

5. 2. Results of experimental studies of the depth of 
cleaning the PCW blanks using the needle-milling machines

Experimental studies were conducted in accordance with 
the developed planning matrix (Table 3).

Table 3
The matrix of B-plan of the second order

Experiment No.
Values of input factors in the experiment
In natural terms Encoded

vs h x1 x2

Complete 
factor plan 2

1 6 0.5 –1 –1

2 18 0.5 1 –1

3 6 4.5 –1 1

4 18 4.5 1 1

Star points

5 6 2.5 –1 0

6 18 2.5 1 0
7 12 0.5 0 –1
8 12 4.5 0 1

Each experiment was repeated (duplicated) five times, 
according to the results of the statistical treatment of the 
search experiment.

The results of experimental studies, the average sample 
value, the sample variance are given in Table 4.

Table 4

Results of experimental studies, the average sample value, 
the sample variance

Experi-
ment No.

Results yij of PCW cleaning 
depth, mm

Average 
value in 
the j-th 
sample

Variance 
in the 
j-th 

sampleу1j у2j у3j у4j у5j

1 0.150 0.250 0.330 0.460 0.660 0.370 0.0392

2 0.130 0.200 0.360 0.470 0.590 0.350 0.0358

3 3.260 3.110 2.910 3.340 3.480 3.220 0.0480

4 2.460 2.330 2.860 3.380 3.670 2.940 0.3338

5 1.380 1.890 2.090 1.580 2.210 1.830 0.1202

6 2.150 2.030 1.700 1.630 1.290 1.760 0.1166

7 0.550 0.140 0.350 0.680 0.280 0.400 0.0464

8 4.040 3.480 3.670 3.330 4.480 3.800 0.2151

The variance check was carried out by the Cochrane’s 
criterion. The estimated value of Cochrane’s criterion is 
Gest = 0.35. The tabular value of the Cochrane’s criterion is 
Gtab = 0.39 (N = 8; f = n–1 = 4; q = 0.05). Since Gest<Gtab, with  
a 95 % confidence probability, the variances of the samples 
are homogeneous.

The variance of reproducibility was determined from the 
following formula:

S

S

Ny

j
j

N

2

2

1= =
∑

. 	 (3)

The variance value of reproducibility is Sy
2 0 119= . .

Regression equation ratios were calculated on the basis 
of the procedure for their determining for the second-order  
B plans depending on the number of experiments N = 8 and 
the number of variable factors k = 2. Table 5 gives the results 
of calculations and verification of the significance of regres-
sion equation coefficients.
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Table5

Results of calculations and verification of the significance 	
of regression equation coefficients

Coef-
ficient

Coef-
ficient 
value

t(q, f)S{bi} Conclusion

Confidence interval 
limits

bi–ttabS{bi} bi+ttabS{bi}

b0 2.175 0.352 significant 1.823 2.527

b1 –0.062 0.129 insignificant –0.190 0.067

b2 1.473 0.129 significant 1.345 1.602

b11 –0.380 0.273 significant –0.653 –0.107

b22 –0.075 0.273 insignificant –0.348 0.198

b12 –0.065 0.158 insignificant –0.223 0.093

To determine the value of adequacy variance ( ),Sad
2  the 

sum of squares of the difference between the experimental 
and estimated value of the depth of PCW cleaning in each 
experiment was calculated. The results of this calculation are 
summarized in Table 6.

Table 6

The results of calculating the sum of squares of the 
difference between the experimental and estimated value of 

the depth of PCW cleaning in each experiment

Experi-
ment No.

Value
( )y yj j

p− 2

Experimental y j Estimated y j
p

1 0.37 0.24 0.01605

2 0.35 0.25 0.01000

3 3.22 3.32 0.01000

4 2.94 3.07 0.01605

5 1.83 1.86 0.00071

6 1.76 1.73 0.00071

7 0.40 0.63 0.05138

8 3.80 3.57 0.05138

Total 0.15627

The value of adequacy variance was determined from the 
following formula:

S
n

f
y yad

ad
j j

j

N
2 2

1

2

= −( )
=

∑ , 	 (4)

where n is the number of duplicated observations; fad is the 
number of powers of the adequacy variance value fad = N–P ; 
N is the number of experiments; P is the number of estimated 
coefficients of the regression equation; jy  is the average value 
of the results of the experiment in the j-th experiment; y j

p is 
the estimated value of the output quantity in the j-th experi-
ment, calculated from the regression equation. 

The adequacy variance is Sad
2 0 391= . . The adequacy of the 

mathematical model was tested by the Fisher’s F-criterion, 
which compared the variance of adequacy Sad

2  and reproduc-
ibility Sy

2. The estimated value of the Fisher’s criterion was 
determined from the following formula:

F
S
Sest

more

less

=
2

2 , 	 (5)

where Smore
2  and Sless

2  are the adequacy and reproducibility 
variance; the largest of them must be in the nominator and 
the smallest one – in the denominator.

The tabular value of the Fisher’s criterion Ftab depends on 
the level of significance q, the number of degrees of freedom 
of the adequacy variance fad and the number of indepen-
dent assessments of the reproducibility variance fy = N(n–1).  
If Fest<Ftab, the model is considered adequate and can be used 
to describe the object. Fisher’s criterion estimated value is 
Fest = 3.27. The Fisher’s tabular value is Ftab = 3.32 (q = 0.05; 
fmore = 2; fless = 32). Since Fest<Ftab, then the derived regression 
model with a confidence probability of 95% is adequate and 
can be used to describe the object of the study. 

Based on the results of studying the surface cleaning 
using a needle milling tool according to the devised metho
dology in the implementation of the B-plan of the second 
order, we derived the regression equation for the depth of 
PCW cleaning, which, in the coded values of factors, takes 
the following form:

y x x

x x x x

= − + −

− − −

2 175 0 062 1 473

0 38 0 075 0 065
1 2

1
2

2
2

1 2

. . .

. . . , 	 (6)

and is recorded in a natural (explicit) form as follows:

t v h

v h
s

s

= − + + −

− − −

1 3438 0 25654 0 89524

0 01055 0 01875 0 005422 2

. . .

. . . vv hs . 	 (7)

The study results in the graphic representation are shown 
in Fig. 8. The graphic interpretation of the implementation 
of the composition plan of the second order clearly demon-
strates the increase in the size of the cleaned layer when the 
feed rate increases from 6 to 12 m/min and, quite obviously, 
when the tension increases – the layer is also cleaned.

The process of sample cleaning is shown in Fig. 9; the 
cleaned samples are demonstrated in Fig. 10.
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Fig. 8. Graphic dependences of the size of the removed layer 
on the feed rate vs and tension value h

Fig. 9. The process of surface cleaning of PCW blanks
  

 
Fig. 10. PCW blanks after surface cleaning
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6. Comparison of results and practical recommendations 
on the mode parameters of the surface cleaning of PCW 

with a needle milling tool

The comparison of the results of theoretical calculations 
with the data from the experiment is shown in Fig. 11. An 
analysis of the comparison of our results showed permissible 
deviations, which on average amount to 4.5 %.

The practical recommendations for the technological 
operation of cleaning with a needle milling tool are given in 
Tables 7, 8.

Thus, we have formulated the recommendations on choos-
ing a technique for cleaning PCW with certain contamina-
tion, as well as the practical recommendations on the modes 
of operation of the needle-milling machine of passing type.

0

1

2

3

4

5

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Needle milling tool tension h, mm

C
le

an
in

g 
de

pt
h 

t, 
m

m

Theory Experiment

 
Fig. 11. Comparison of the results of the theoretical 

calculations of cleaning depth depending on the tension of 
needle milling tools with the data from the experiment

Table 7

Recommendations for the process of cleaning PCW surfaces

Needle milling tool 
indicator

Desig-
nation

Operation mode

Range Recommendation

Needle milling tool 
diameter, mm

Dnm 150–500 200–300

Needle length, mm l 20–160 50–160

Processing speed, rpm v 360–1800 720–1440

Feed rate/min vs 6–12 10–12

Tension value, mm h 0.1–6.0 0.5–5.0
Cutting depth, mm t 0.05–5.0 0.4–4.0

7. Discussion of results of studying the regime 
parameters of the surface cleaning of post-consumer 

wood using the needle milling tools

One can control the process of needle milling by selecting 
the cutting speed and the rate of feed, the material of the 
wires, their diameter, working length, density, and a tension 
value. In addition, there is a discrete contact with the surface 
during the processing involving a wire tool. According to 
the nature of the physical processes that occur in the area 
of interaction of this tool with the surface of a workpiece, 
the following types of processing are distinguished: finish-
ing, finishing-strengthening, cleaning, layer-by-layer removal. 
Based on the analysis of the built model of contact between 
the needle milling tool and the PCW surface, it has become 
possible to understand the essence of the cleaning technique 
involving this tool. It was established that the depth of the 
layer removed by the wire of a needle milling tool decreases in 
proportion to an increase in the distance to the end of cutting, 
that is, an increase in its serial number. In other words, each 
subsequent cutting element cuts the smallest layer. This is 
due to the fact that as the layer is removed, the gap between 
the base of the needle milling tool and the surface of the 
partially cleaned workpiece increases. This reduces the front 
negative angle of cutting (that is, tension, accordingly) and 
the profile of the cutting wire of the needle milling tool in the 
frontal cross-section. The effective removal of a contaminated 
layer of a certain thickness is due to the fact that the bending 
of the needle cutters contributes to the formation of chambers 
to accumulate the removed material (chips) and its removal 
when the cutters leave the contact area with the surface of the 
workpiece. Based on the results of our experimental studies,  
a nomogram was built, which determines a change in the front 
angle depending on the value of a needle milling tool tension 
that is the length of the deformed contact arc. Thus, knowing 
the front angle at a certain point of the needle touch on the 
contact arc, we can determine, in numerical terms, the thick-
ness of cleaning, specifically, when the tension is 4.5 mm, the 
thickness of the removed material may amount to 3.46 mm. 
The results of the graphic interpretation of the cleaning depth 
dependence on tension before processing show an almost di-
rectly proportional dependence between the input and output 
factors with a determination factor of 0.9896.

An adequate regression model was obtained, which, de-
pending on the rate of feed and the working tension, makes 

it possible to adjust the thickness 
of the layer that is removed. The 
graphical interpretation of the im-
plementation of the second-order 
plan clearly demonstrates the in-
crease in the size of the layer, which 
is cut, when the feed rate increases 
from 6 to 12 m/min and, quite ob-
viously, when the tension increases,  
the cut layer also increases. The 
resulting regression equation co-
efficients show the impact of each 
factor on the output parameter. 
The coefficient of the effect of the 
first factor of the feed rate was 
+0.25654, and the influence of the 
second factor, the needle milling 
tool tension, was +0.89524. That 
is, the tension significantly affects 

Table 8

Rational parameters of the technological process of surface cleaning of various types 
of PCW with a needle-milling machine at the amount of tension h = 2.5 mm

Material
Hardness 

HBWm, MPa
Reserve factor Kr, 
HBWst/НBWm

Processing 
speed v, rpm

Feed rate 
vs, m/min

Cutting 
depth t, mm

Spruce 1.3 11.52 1440 12 2.175

Fir 1.6 9.28 1080 12 2.175

Pine 2.5 6.04 720 8 2.048

Oak 3.7 4.06 540 6 1.859

Beech 3.8 3.95 540 6 1.859

Particleboard/veneer 4.1 3.67 540 6 1.859

Particleboard/PVC 3.9 3.85 540 6 1.859

PCW/varnish 2.4 6.26 720 10 2.154

PCW/paint 2.3 6.54 720 10 2.154

Steel 65G 15.0 1.00
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the depth of cleaning. The rational tension of a needle milling 
tool for industrial conditions is 2.5 mm, which provides for the 
depth of cutting contaminated surfaces of 1.8–2.2 mm. For the 
better removal of the material, it is better to saw off a conta
minated surface. The models built could make it possible to 
predict the thickness of the layer that is removed and to manage  
the process of needle milling to ensure the necessary cleanli-
ness of the PCW wooden surface. Our results of experimental 
studies on cleaning contaminated surfaces using the needle 
milling tools are due to the structural features of these tools. 
In the presence of a significant number of cutting elements, 
one can perform processing at high cutting and feed speeds.

Depending on the species, the hardness of the material, and 
the type of surface contamination of PCW, it was determined 
that to remove the contaminated layer with a thickness of 
0.4–4.0 mm the feed rate should equal 10–12 m/min, and the 
tension value – 0.5–5.0 mm. The devised technology of PCW 
cleaning and the proposed mathematical model of the depth 
of cleaning with needle milling tools, depending on the rate of 
feed of blanks and the tension value of the working elements, 
could be used for the processes of surface cleaning under indus-
trial conditions of woodworking. Practical features imply that 
it is a mechanized way of preparing PCW for material utiliza-
tion. In addition, the needle milling tools are extremely reliable 
and durable, self-cleaned, and ensures the required quality 
of the treated surface. All other tools have a much smaller 
period of operation. Effective use of the mode parameters of 
the surface cleaning of PCW with needle milling tools under 
industrial conditions is associated with a large assortment of 
this resource, its sized and suitable characteristics, and the 
variety of contamination of surfaces: the thickness and type 
of a coating, the varieties and hardness of a coating, etc. All of 
this will require additional experimental studies. At the current 
stage, the results from the experimental studies on the mode 
parameters of the needle milling machine operation confirm the 
hypothesis that the method of cleaning contaminated surfaces 
with needle milling tools is quite promising and could pro-
vide a mechanical way of qualitative preparation of PCW for 
further material processing. The main issues that may arise in 
the process of cleaning PCW with needle milling tools are the 
prompt adjustment as the range of PCW varies both in size and 
type, as well as the degree, of contamination. This study may 
be advanced by establishing the rational diameter of needle 
milling tools, determining the density and diameter of needles 
in the needle milling tool, finding the optimal cutting speed.

8. Conclusions

1. A solution to the issue of PCW cleaning with a needle 
milling tool has been proposed. We have determined the im-

pact of the tension of needle milling tools before treatment on 
the depth of cleaning of the contaminated surfaces of work-
pieces made from post-consumer wood. A principal scheme of 
modeling the process of surface cleaning with needle milling 
tools has been built with the representation of the needle 
contact sectors to the surface during processing. It was estab-
lished that during needle milling, increasing the tension leads 
to a decrease in the front angle and an increase in the negative 
angle of cutting elements. A nomogram has been constructed 
to determine a change in the front angle depending on the 
tension value of a needle milling tool, that is, based on the 
length of the deformed contact arc (the larger the tension, 
the greater the length of the arc). Knowing the front angle, 
at a certain point of the needle touching the contact arc, we 
can determine, in numerical terms, the thickness of cleaning, 
which is important for practical application. The experimen-
tal studies were carried out at the constant processing speed 
of 1440 rpm and the feed rate of 12 m/min. The authentic-
ity of the theoretical calculations involving the experiment 
has been justified. The theoretical indicators depended on 
tension  – the greater the tension, the greater the number of 
wires in a needle milling tool that participated in the cutting 
process, which ultimately affected the depth of cleaning.

2. An experimental machine that employed the needle 
milling tools was used to perform the surface cleaning 
of PCW blanks. An adequate regression model has been 
obtained, which, depending on the rate of feed and the 
working tension, makes it possible to adjust the thickness 
of the layer that is removed. The resulting regression equa-
tion coefficients testified to the impact of each factor on 
the output parameter. The coefficient of the impact of the 
first factor, the feed rate, was +0.25654, and the influence 
of the second factor, the needle milling tool tension, was 
+0.89524. That is, the tension significantly affects the depth 
of cleaning. The rational tension of a needle milling tool 
for industrial conditions is 2.5 mm, which provides for the 
cutting depth of contaminated surfaces of 1.8–2.2 mm. For 
the better removal of the material, it is expedient to saw off 
a contaminated surface.

3. The practical recommendations on the modes of ope
ration of a needle-milling machine have been formulated. 
Depending on the species, the hardness of the material, and 
the type of surface contamination of PCW, it was determined 
that to remove the contaminated layer with a thickness of 
0.4–4.0 mm the feed rate should equal 10–12 m/min, and 
the tension value – 0.5–5.0 mm. The devised technology 
of PCW cleaning and the proposed mathematical model of 
the cleaning depth using the needle milling tools, depending 
on the rate of feed of blanks and the tension of the working 
elements, could be used for the processes of surface cleaning 
under industrial conditions of woodworking.
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