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Abstract

Dealing with freeform complex surfaces in order to characterize their surface texture poses significant challenges in manufacturing,
especially for quality control of complex parts from additive manufacturing. Traditional texture assessment methods often lack the
precision needed to capture the details of these complex geometries, underlining the demand for advanced techniques that offer a

more thorough representation of surface features.

A specialized approach for extracting surface texture parameters for freeform surfaces common in additive manufacturing is
proposed in this work. Tailored for mechanical engineering applications, this methodology broadens traditional surface
characterization by addressing the distinctive features of complex profiles. Through parametric modeling, B-spline and GB-spline
reconstructions, and discrete smooth interpolation. Testing on unstructured datasets with comparative evaluations with Montains

software confirms its robustness, accuracy, and reliability.

Surface texture, manufacturing, surface reconstruction, complex surfaces

1. Introduction

In recent years, advancements in manufacturing technologies
have facilitated the design and production of complex and
freeform surfaces with complex geometries. Despite these
advancements, working with such geometries through additive
manufacturing (AM) technologies poses significant challenges,
particularly in the characterization of these complex surfaces.
The irregular and complex nature of these surfaces, coupled
with the lack of standardized of some approaches, makes it
difficult to define and measure surface texture parameters.
Furthermore, traditional texture analysis techniques, developed
primarily for standard surfaces, often fall short when applied to
these advanced geometries.

Numerous studies have been conducted on the analysis of
surface texture for canonical surfaces, such as planar, cylindrical,
and spherical surfaces [1,2,3,4]. However, relatively few works
have focused on the case of complex surfaces, particularly in
[5,6,7], where the authors extended the traditional definitions
of AST parameters represented in the 1SO 25178-2 [8] to
accommodate parametric surfaces representing manufactured
objects. In these works, the authors employed various surface
reconstruction techniques, notably B-spline reconstructions and
triangular meshes for a limited set of AST parameters. This area
of research can be further expanded by investigating new
reconstruction methods and incorporating a broader set of AST
parameters.

This paper focuses on the study of surface texture for complex
geometries. The study utilizes three approaches for surface
reconstruction and characterization: B-spline surfaces, GB-
spline surfaces, and the Discrete Smooth Interpolation (DSI)
method, which, to the best of our knowledge, is being applied

for the first time to address surface texture challenges in
complex surfaces in comparison which the literature. Section 2
introduces the definition of the AST parameters of interest,
grounded in a parametric surface representation. Section 3
describes the three reconstruction techniques utilized, and
Section 4 presents experimental results based on surface
measurements obtained from xCT using the different
reconstruction methods presented in section 3 against
Mountains software.

2. Selected AST parameters definition

assuming that a manufactured object can be described with a
parametric surface Y| ¢ R? as:

x =x(u,v)

r(w,v) ={y =y v) €))
z=z(u,v)

And it can be decomposed into to parts

r(u,v) = Tform (W, v) + 175 (u, v) (2)

Y form: Trorm (W, V) represents the form surface.

Yres: Tres (U, V) represents the residual surface.

According to the definition of the parameters in the I1SO 25178-
2 [8], a generalisation of some surface texture parameters is
given in [5,6,7] as:

The arithmetic mean of the absolute value of the height (Sa) and
the root mean square height (Sq) are given as:

1
sa=rrr [ estuldoporm ©)
form
1 2
Sq = m j |Tres (u, V)| daform €))
form
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The skewness (Ssk) and the kurtosis (Sku) are given as:

1
Ssk = sz || resv)Pdogorm ®)
Zform
1 4
Sku = W ff [77es (ut, V)| ddform (6)
form
And
Rz = max ty.s (U, v) — min 7,5 (u, v) 7
u,v u,v
Where
daform = ”rform,u(ur U) X rform,v (u: v)”dUdU (8)

And |A] is the area of the form profile given by:

a1= || 1dorom ©)

Zform
3. Surface reconstruction methods

In order to fit a data point (PL-)?'=O to a parametric function it
has to be parameterized, which means describing it with a
function r = r(u, v), where u, v are abstract parameters. In
this paper three surface reconstruction methods are used.

3.1. B-spline reconstruction

The equation of a B-spline surface of degree k; X k, as defined
in [9] is given as follows:

n, ny

S ) = ) N, (N1, ()05
i=0 j=0

Where (Qij)ggl]z,zo are control points and N; ., (u), Nj x, (v)

(10)

are the basis functions in the u-direction and the v-direction,
the B-spline basis functions are defined as follows:
1 if <t <ty

Mo ={o) s (11)
And for j > 0:
t—t; Livjer — 1
Nij(t) =———N;;_1(t) + Nipqj-1(8)  (12)
tivj— & Livj+1 — Lit1

Where the values t; are taken from two sequences called the
knot vectors: the knot vector in the u-direction

T1 bl (to, tl' ey tml)
the knot vector in the v-direction

Tz - (to, tll ey tmz)
An iterative least square method is used to fit a B-spline surface
to the data.

3.2. GB-spline reconstruction

The GB-spline surface is a generalization of the B-spline
surface. The equation of a GB-spline surface of degree k; X k,
as defined in [10] is given as follows:

ny My

S ) = YD i, (G, (0
i=0 j=0

Where (Qij)?:gl;_:o are control points and G; x, (1), G; ., (v) are

(13)

the GB-spline basis functions in the u-direction and the v-
direction, the basis functions are defined as follows:

_ 1; ift,:St<t,:+1
Gio®) = {; fin (14)
And for j > 0:

Gij(©) = 871611 ®) + (1= 87 ©) Giraya(®) - (15)
With:

t—t; i
8%(t) = {6 (W)”f ti=t<tivan (16)
0; else
With §:[0,1] = [0,1] is an increasing function, smooth and
satisfies §(0) = 0and §(1) = 0, § is called a core function. And
the values t; are taken from two sequences called the knot
vectors: the knot vector in the u-direction
Ty = (to, ty, wes b, )
the knot vector in the v-direction
T, = (to, 1 oo tm,)
The core function
5(t) = 0.5(2t3 — 3t2)+1.5t
is used in this work due to its robustness showed in [11].
An iterative least square method is used to fit a GB-spline surface
to the data.

3.3. Discrete Smooth Interpolation (DSI) reconstruction

Discrete smooth interpolation (DSI) as introduced by Jean-
Laurent Mallet [12,13] is a method used to interpolate scattered
data points while ensuring a smooth transition between them.
The technique fit the data using a triangular mesh obtained by
minimizing a functional R*(g). This minimization problem is
solved in [14] using the following iterative method:
Let (&) be the initial approximated mesh.

Define g as (&p).

Let I denote the set of nodes x such that at least one data point
is projected onto a triangle containing x as one of its vertices.
The nodes of the mesh g(x) are updated when x € [ as follows:

While{more iterations are needed}
forall (v € 1)
forse A
@ = o (4:w)’
cec
@) = wAw) A43(@).g* (@ — d,
cec aeG—{v}
£ ) A@.0°@
£#S a€G
h*(w) = (k) (p® (k))?
kEN(v)
= Y fu@pr® Y pFg®)
kKEN(v) BEN(K)—{v}
L ORTINC
T TR W) + o)
end
end
end

where A = {x,v,z}, and u(k),p? k), ¢ are some weights.
N (v) is the neighbourhood of the node v. A%(v) is a constraint
formed by tow normal and positional constraints of the node v.
And d. are constants related to each constraint. In this work
In this work the weights ¢, u(a) are choosed to be 1 for all
nodes, and the weights {pi(a)} are set according to the
following

harmonic weighting scheme:

~IN@ —{a}l, i=a

pr@={7 e N(a) - {a} an



4. Experimental results

The proposed method was evaluated using two examples of
non-structered datasets consisting of points extracted from
complex objects manufactured through additive manufacturing
techniques. These data points were acquired using an xCT
system, the first data set contains 996 point and the second data
set contains 1455 point. The AST parameters were computed
using the different proposed reconstruction methods, as well as
with Mountains software. A comparison of the results obtained
from the proposed methods against Mountains software is
provided. For the three methods, the integrals were
approximated using discrete Riemann sums to calculate the AST
parameters.
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Figure 1: An extracted region from an additive manufactured object
with its DSI surface (green) and B-spline surface (blue) reconstructions.

Tablel summarizes the different AST parameters values using
the presented methods computed for the first dataset and
Table2 summarizes the absolute errors between each method
and Mountains software results.

Sa(um)  Sq(um)  Ssk  Sku  Sz(um)
B-spline Reconstruction 8 10.5 036 4.92 98.7
GB-spline Reconstruction 8.1 10.6 039 4.97 101.3
DSl Reconstruction 109 133 -0.11 4.09 104.1
Mountains software 8.32 11.21 0.72 5.56 101.5

Table 1: AST parameters and different errors

Sa(um)  Sq(um) Ssk  Sku  Sz(um)
B-spline Reconstruction 0.32 0.71 036 0.64 2.8
GB-spline Reconstruction 0.22 0.61 0.33 0.59 0.2
DSI Reconstruction 2.58 2.09 0.83 1.47 2.6

Table 2: Absolute errors between the three methods results and
Mountains software results

Figure2 presents the second measured surface and the
reconstructed surface for both the B-spline and DSI
reconstruction methods.

Figure 2: An extracted region from an additive manufactured object
with its DSI surface (green) and B-spline surface (blue) reconstructions.

Table3 summarizes the different AST parameters values using
the presented methods computed for the second dataset and
Table4 summarizes the absolute errors between each method
and Mountains software results.

Sa(um)  Sq(um)  Ssk  Sku  Sz(um)
B-spline Reconstruction 12.13 15.69 - 055 7.04 111.2
GB-spline Reconstruction  12.5 16.09 —-0.76 6.31 108.2
DSI Reconstruction 12.33 14.4 -0.09 351 119.6
Mountains software 13.07 1646 —022 576 1015

Table 3: AST parameters and different errors

Sa(um)  Sq(um)  Ssk  Sku  Sz(um)
B-spline Reconstruction 0.94 0.77 0.33 1.28 9.7
GB-spline Reconstruction 0.57 0.37 0.54 0.55 6.7
DSI Reconstruction 0.74 2.06 0.13 2.25 18.1

Table 4: Absolute errors between the three methods results and
Mountains software results

The experimental results showed that the errors between each
method and Mountains software are negligible, specialy for for
B-spline and GB-spline surfaces. DSI reconstruction showed
larger errors.

Table 5 provide some remarks and deductions on the the
different methods based on the obtained results in Tables
1,2,3,4.

Method Method accuracy | General Remarks
B-spline Moderate errors, | Moderately accurate,
Reconstruction | fairly close  to | for surfaces exhibiting

Mountains software | slight roughness and
discernible variations.
GB-spline Smallest absolute | Most accurate, with
Reconstruction | errors, most | surfaces closely
accurate matching  Mountains
software
DSI Larger errors, | Produces smoother
Reconstruction | especially in | surfaces with lower
roughness overall roughness but
parameters larger roughness

Table 1: Accuracy and general remarks

The presented results can be regarded as a preliminary
experimental outcome. The method requires further



enhancement and testing on a variety of data sets with complex
features in order to validate its effectiveness and to assess its
robustness.

5. Conclusion

This study proposes a specialized approach for extracting
surface texture parameters of freeform surfaces commonly
encountered in additive manufacturing. The methodology
focuses on characterizing surface texture parameters through
parametric modeling, B-spline and GB-spline reconstructions,
and discrete smooth interpolation. The results were compared
to Mountains software results. This first comparison
demonstrated that the errors among the three reconstruction
methods against Mountains software were negligible, but the
method still need to be improved.

Future work aims to enhance the presented method by
addressing more complex geometries, exploring a new set of
AST parameters, and incorporating filtration techniques to
refine the analysis since in this paper the method was applied
directly on the primary surface.
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