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Abstract: This paper presents an adaptive slicing method for Hermite non-planar tessellated sur-
faces models to improve the geometric accuracy of Rapid Prototyping (RP). Based on the bending
characteristics of Hermite curved triangles, a slicing method for a complete Hermite surface model,
including the grouping, the construction of the topological relationships, and the calculation of the
intersection contours, was employed. The adaptive layering method considering the normal vector
at the vertexes of the Hermite curved triangles was employed to grain the variable thickness of all
layers of the Hermite surface model. The classical Stanford bunny model illustrates the significant
improvement in the accuracy of the proposed method compared to the traditional method.
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1. Introduction

Rapid Prototyping (RP) or Layer Manufacturing (LM) refers to the fabrication of parts
layer-by-layer. At present, RP has been widely used in the automobile and aerospace
industries and other fields [1-4]. However, geometric dimensioning and tolerancing errors
in the parts manufactured by RP is still widespread [5,6]. The conversion of the format
of models [7] and slicing of the tessellated model [8] both introduce errors in RP at the
algorithm level, which limits the wider application of this technology in engineering [9,10].

In model conversion, a commonly used method to decrease the approximation error
of a planar triangle model is to constantly subdivide the triangular facets of the whole
tessellated model, which is low in efficiency and leads to a significant amount of model data
and therefore data redundancy [11]. Approximating CAD models with curved triangles
can decrease the approximation error without changing the number of facets, which is
more effective. Recently, some modified tessellation methods that use curved triangles
have been proposed. Paul et al. [12] proposed a file format based on Steiner surfaces, but
the construction of the Steiner surface requires a lot of information which is difficult to
obtain. Santosh et al. [13] used an improved biquadratic Bezier curve to tessellate the
CAD surface; however, numerical or optimization methods are necessary for solving the
tessellation. The Hermite surface construction method proposed by Lian et al. [14] not only
effectively reduces the error introduced by the model conversion but also has significant
advantages in data acquisition, construction complexity, and surface splicing. However,
limited by the lack of corresponding slicing methods, it is still unable to generate contours
for manufacturing.

Among surface slicing methods, discrete intersection methods and tracking intersec-
tion methods are widely used because of their good applicability [15,16]. However, discrete
intersection methods [17] have problems with the breakpoint and discontinuity in the
intersection of the discrete approximated surfaces. Tracking intersection methods [18-21]

Mathematics 2024, 12, 1753. https:/ /doi.org/10.3390/math12111753

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math12111753
https://doi.org/10.3390/math12111753
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0001-7445-3051
https://doi.org/10.3390/math12111753
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math12111753?type=check_update&version=2

Mathematics 2024, 12, 1753

2 of 20

are mostly based on the construction of ordinary differential equations, which can obtain
more continuous intersection results and have strong universality. However, for the surface
model, which is comprised of multiple relatively separated surfaces in AM, a connection
method for the surfaces is lacking. As a consequence, a slicing method for the whole surface
model that can connect all the curved facets is needed.

Adaptive layering overcomes the problem of the uniform layering method. Although
the build time increases significantly, the accuracy requirement improves [22,23]. Among
existing adaptive layering methods, some methods automatically adjust the layer thickness
based on the area deviation ratio and the volume change rate of the adjacent layers. How-
ever, the reference area and the volume of each layer are constantly changing, resulting
in a large amount of calculations and a low efficiency [24,25]. There are other methods
that adjust the layer thickness by the minimum plane normal vector of the model or the
chord height of the staircase effect. The whole algorithm process is linear and needs to be
determined and adjusted by height, which causes a low efficiency [26]. The methods that
classify the surface of the model based on the characteristics of the model to adjust the layer
thickness cause a large number of ineffective calculations for the feature judgment of the
model perpendicular to the processing direction [27-29]. Moreover, all the above adaptive
slicing methods are based on the planar triangle model and ignore the characteristics of
the surface model. Therefore, there is a need for an adaptive layering method for surface
tessellated models to control the geometric accuracy, which compromises with the building
time of the RP.

Based on the above analysis, this paper presents an adaptive slicing method for
Hermite non-planar tessellated surfaces models. Aiming at the Hermite surface model
construction based on an AMF (Additive Manufacturing File), a slicing method for the
whole surface models was proposed. According to the bending characteristics of the surface
triangles in a Hermite surface model, the grouping of the surface triangles, the construction
of the ordered topological relationship, and the calculation of the intersection contours were
employed to calculate the slice contours of the Hermite surface model. Then, an adaptive
slicing method considering the characteristics of the normal vector at the vertices of the
model’s curved triangles was employed. The model of the curved triangles was partitioned.
Then, according to the normal vector information of the Hermite triangle vertices in each
partition, the local layer thickness was determined, and the non-uniform slice positions of
the surface model was obtained. Finally, the classic Stanford bunny Hermite surface model
was used to illustrate the accuracy improvement of the proposed method.

2. Hermite Surface Model

The steps in the RP progress, such as layering, slicing, path filling, and support
generation, are based on the approximating model obtained by converting the original
design model [7]. At present, the commonly used approximating model is the planar
triangle model, which represents the outer contour shape of the model with a set of planar
triangles. Therefore, building the approximating model with a Hermite surface can be
simplified to building a set of Hermite surface triangles based on the originally used triangle
mesh. The expression of the third-order Hermite surface triangles [14] can be defined as
shown in Equation (1):

S(u,v) = Cyp + Cyou + Co10 + C20u2 + Ciiuv + C02212 (1)
+Cp1u?v + Cppuv? + Caud + Cp3®,0< v <u <1

where (u,v) is the parameter value of the curved triangle and Cy, Cy, ..., Co3 is the
function of the vertex of the triangle and the tangent vector of the vertex. The parameterized
definition of the triangle is shown in Figure 1:
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Figure 1. Parameter space of the Hermite triangle.

3. Slicing the Hermite Surface Model
3.1. Grouping of the Curved Triangles

The approximating model for the RP is usually composed of a large number of facets.
The efficiency of the slicing algorithm can be greatly improved by grouping the facets that
intersect the same slicing plane before calculating the contour of each layer. The Hermite
surface model is different from the stereolithography (STL) model because of the bending
characteristics of the Hermite surface triangles. The intersection between the model and
the slicing plane can be divided into two cases, i.e., open and closed intersection lines, as
shown in Figure 2a,b, respectively. When the intersecting line is a closed curve, the slicing
plane does not intersect with any side of the curved triangle and Equation (2) is established,
where F is an invariant force, T is a curved triangle, Z represents the slicing plane parallel to
the XOY plane, L is the intersection line of T and Z, and ds is the directed curve element at
L. Therefore, a new grouping method for models tessellated with Hermite curved triangles
is needed. The grouping method proposed in this paper is shown in Figure 3.

/L Fds = 0 @)

(a) (b)

Figure 2. Hermite curved triangle: (a) open intersection, and (b) closed intersection.
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Figure 3. Grouping algorithm.

The cross-plane judgment method is shown in Equation (3), where zmax and zpin
are the maximum and minimum values of the coordinates of the vertices and z; is the
z coordinate of the plane Z;. If the triangle satisfies Equation (3), the triangle crosses
the plane.

Zmax = ZisZmin < Z 3)

A trend calculation method is adopted to judge whether the curved triangle inter-
sects with the slicing plane, as shown in Figure 2b. This method uses the water droplets
model [30] and transitions the problem into the problem of calculating the minimum dis-
tance between the curved triangle and the slicing plane. As shown in Figure 4, subject to
the action of force D, one point P above T carries out a slight motion on the tangent plane
IT. The track curve of this motion can be written as ¢(s), where s is the arc length parameter.
The drop follows the velocity C defined by the orthogonal projection of D onto the tangent
plane I1, and it can be written as Equation (4):

_de 0S(u,v)du  9S(u,v)dv

C_%_ ou ds v ds @)

N

Figure 4. Water droplets method model.

If there is a vector V=D x N in the tangent plane I, then there is a relationship, as
shown in Equation (5). Combining (5) with the first basic form of a surface (Equation (6)),
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the system of ordinary differential equations from the moving of point P on the surface T
along the force D is obtained, as shown in Equation (7).

cxV=0 )
du\ 2 du do do\ 2
du _ 4 S,-(DxN)
ds VE(Sy-(DxN))2=2F(S,-(DxN))(So-(DxN))+G(S, - (DxN))? 7
dv _ Su-(DxN) ( )
ds VE(So-(DxN))2—2F(S,-(DxN))(Sp-(DxN))+G(S, - (DxN))?

whereE=S,-5,,F=5,-S,,G=S,-S,,and D(x,y,z) = VZ = £[0,0,1]". The fourth-
order Runge-Kutta method is used to solve Equation (7). The qualified parameters are
inserted into Equation (1) to obtain the coordinates of the nearest point with the slicing
plane. Then the vertical distance d, between the current iteration position and the slicing
plane is calculated. If d, < dy;,,, where dy;p, is the error threshold, there is an intersection
line between the curved triangle and the slicing plane. Therefore, the triangle should be
added to G;, as shown in Figure 3.

3.2. Construction of the Sequential Topological Relationship

In order to obtain ordered model contour curves after slicing and to ensure the con-
tinuity and accuracy of the intersection data, it is necessary to determine the topological
relationship of the triangles intersecting the slicing plane in the model. The intersection
sequence of the curved triangles in a certain group usually presents as a closed loop, as
shown in Figure 5a. However, due to the bending nature of the Hermite curved triangles,
the topological adjacency of the curved triangles will appear as shown in Figure 5b. In this
case, the number of times that the curved triangle appears in the topological relation table
is not unique, which leads to the problem of the topological relation construction entering
a dead corner and some curved triangles being omitted.

S

(@) (b)

Figure 5. Adjacent relationship of triangles: (a) ideal topology case, and (b) topology error.

In the case where the topological relation enters a dead corner, if T), is the reference
triangle and T, = Tj, then there is only one triangle satisfying Equation (8), which can be
set as Tj. It can be entered into the topological relation table R. Then, if T, =T,and T ¢ R,
which satisfies Equation (8), T # T, can be found. It can also be entered into the topological
relation table R. When the initial reference triangle is traversed, the topological relationship
forms a complete closed loop and the topological relationship table is completed.

T,NT=LTeGandT# T, (8)

When the topological relationship of the curved triangles is as shown in Figure 5b,
the problem of missing a curved triangle may also occur, i.e., thereisa T ¢ R, but T € G.
When T, = T,, there may be a T to satisfy Equation (8), but T. N T, = P. The result
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can be that the curved triangle T, will not be judged in the judgement of the topological
relationship between the subsequent edge connections. As a consequence, T}, is missed out.
Therefore, it is necessary to build a topological chain for the missing curved triangles and
to add it back to the corresponding position of the topological relation table. Only in this
way can a complete topological relation table be constructed.

3.3. Calculation of the Intersection Contours

The intersection information between a model and the slicing plane in the AM process
is an important basis for generating the final print path. Different from the STL and other
plane triangle models, the intersection between the surface triangle and a plane is a curve.
The method that only finds the intersection point between the surface triangle boundary
and the slicing plane cannot determine the track of the intersection. Moreover, as shown
in Figure 2b, when the intersection between the curved triangle and the slicing plane is a
closed curve, the intersection line cannot be obtained by intersecting the surface boundary
with the slicing plane. Therefore, a general method for calculating the intersection is
proposed, which can obtain the intersection contours of the curved triangle and the slicing
plane for various intersection situations. The intersection contour calculation algorithm is

shown in Figure 6.
\ Read a triangle |'—

If it is the triangle that
contains the start point?

Calculation of the
start point in this
triangle

Calculation of the start point at
the boundary

t there are severa
start points?

Corresponding connection points ‘
!

‘ Calculation of the contour |

If all triangles have
been traversed?

Figure 6. Calculation algorithm of intersection.

The starting point of the intersection line between the model and the slicing plane
is calculated using the trend calculation model. As shown in Figure 7, Ps(us,v5) is the
starting point of the intersection obtained by iterating forward on the surface, which can be
either inside the Hermite curved triangle or on the extended surface of the curved triangle.
Therefore, the parameter range is not restricted in the calculation of the intersection starting
point. The calculated parameter values (us,vs) can be substituted into Equation (1) to
obtain the coordinate of the point, P(x,y), which is at the intersection between the triangle
and the plane. Then d,, which is the distance between P(x,y) and Z, can be calculated.
When d, < djipy,, it can be supposed that the iterative position is located on the slicing plane
and P(x,y) is the starting point of the desired intersection line.
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(a) (b)

Figure 7. The starting point of the intersection line: (a) outside the triangle, and (b) inside the triangle.

The intersecting contour calculation is referred to in [31], and the intersection model
of a curved triangle and slicing plane, as shown in Figure 8, is constructed. The velocity
C is defined by the intersection of T and Z, and c(s) is the curve element in this direction,
where s is the arc length parameter. If N; is the normal vector of Z, then the equation
C x Nj = 0 can be obtained. Combining it and Equation (4), Equation (9) can be obtained.
Thus, the problem of solving the intersection contour of the curved triangle and the
slicing plane is transformed into an orthogonal model. Finally, a system of two first-order
ordinary differential equations, as shown in Equation (10), can be constructed by combining
Equations (6) and (9). The initial condition is #(0) = us,v(0) = vs and the data point of
the intersection between the first curved triangle in the group and the slicing plane can be
obtained by solving Equation (10) with the Runge-Kutta method.

dc du do

= N2 = (8u-Ng) = + (S0 - Ng) = = 0 ©)
d_u — :l: SU'NZ
ds V/E(Sy-Np)2—2F(S,,-N3 ) (So-N2)+G (S, N ) 10)
d_‘U Su-Np

& =T VE(So-N2)? —2F(S,"N2)(So-N2)+G (SN2 )?

Figure 8. Intersection model.

In addition to the curved triangle where the starting point of the intersection line is
located in the group, the other curved triangles need more complex calculations to obtain
the initial value of the ordinary differential equation. Firstly, the adjacent edge of the curved
triangles is searched and the boundary solving equation is constructed according to the
parameter characteristics of the adjacent edge to obtain the parameters at the intersection
point between the curved triangle boundary and the slicing plane. Taking the boundary
curve S(u,0) as an example, the parameter value of the intersection point of the boundary
curve and the slicing plane is as shown in Equation (11), where Py is the coordinates of the
boundary intersection point. Given the height of the slicing plane, the parameter solving
formula can be constructed as shown in Equation (12), where Cyo;, C10;, etc. represent the z
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component of Cyp, Cqg, etc. Then the parameter coordinates ps(usy, 0) of the intersection
point on the boundary curve can be obtained, which is the starting point of the intersection
line between this curved triangle and the slicing plane.

S(u,0) = Coo+Crou + Coou® + Caou® = Py (11)
{ Cooz + Cioz1t 4 Capu? + Capzui® = zg1 (12)
Zs] = Z

In the case that there is more than one intersection line on the same curved triangle,
multiple intersection points will occur when the boundary curve intersects with the slicing
plane, as shown in Figure 9. Therefore, it is necessary to calculate the distance between
the coordinate position corresponding to multiple solutions and the end point of the
intersection line. Then, the two points with the shortest distance should be connected.

(a) (b)
Figure 9. Case of multiple junctions: (a) correct connection, and (b) wrong connection.

4. Adaptive Layering of the Hermite Surface Model
4.1. Partitioning

Model partitioning can reduce the number of facets involved in the adaptive layer
thickness calculation and improve the efficiency of the model processing. The curved trian-
gles between two adjacent slicing planes or intersecting slicing planes are obtained by an
equal thickness grouping method. First of all, it is judged whether the Hermite curved tri-
angles are across the planes. If Equation (3) is met, the triangle crosses the planes, as shown
in Figure 10d, and it should be stored in the corresponding equal thickness group. If the
equation is not satisfied, there are three possibilities. If z; < Zmax < 2i4+1,2i < Zmin < Zit1,
the position of the triangle is as shown in Figure 10c. If Equation (2) is met, it is as shown
in Figure 10b. Otherwise, the curved triangle is located in the other layers (Figure 10a).
Therefore, for the curved triangle that does not satisfy Equation (3), it should be further
determined whether it is located between the two slicing planes according to the ver-
tex coordinates and the convex intersection judgment method (which is the same as in
Section 3.1).

After the equal thickness grouping of curved triangles is completed, the grouped
curved triangles are initially partitioned according to the longitudinal section. The adjacent
two longitudinal sections, []; and [];, 1, are defined as Equation (13):

Hi ry = tan(”(i71)> . <x _ xmingfxmax> + ymingymax

n

, . . (13)
Hi+l 1y = tan(%) . (X _ xmm;xmax) + ymm'*z‘ymax

First, the cross-longitudinal section is judged. Since the longitudinal section is perpen-
dicular to the slicing plane, the coordinates in the Z direction can be ignored. Therefore,
the problem of the position relationship between the curved triangle and the longitudinal
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section can be transformed into the two-dimensional position relationship between the
vertex of the curved triangle and the line as shown in Figure 11.

(a)

/ 4?:
(b)
Zj+l
N\

/ Q (@
Z, \

Figure 10. Grouping of curved triangles: (a) out of the two planes, (b) intersecting with one of the
two planes and the intersection is a closed curve, (c) between the two planes, and (d) intersecting
with one of the two planes and the intersection is an unclosed curve.

Y

P1

(0} X

Figure 11. Position relationship between the curved triangle and the longitudinal section.

The point P in Figure 11 is the vertex of the curved triangles. P; and P, are two points

—
on the longitudinal section. P P; is a directed line segment. The position judgment problem
of point P and plane [] is transformed into the problem of the position relationship between

—
point P and vector P; P;. The position judgment of P can be carried out by calculating the
cross product of the vectors, as shown in Equation (14), to get the result of the cross product

=
of the vectors, which can be written as Sp. When Sp > 0, P is on the left of P;P,. When

N
Sp <0, P is on the right of P P». When Sp = 0, P is on the line of P; P». When all the three
vertices of a curved triangle are not on the same side of the longitudinal slice, the curved
triangle intersects the longitudinal section.

— —
Sp = PP1 X P1P2 (14)

The method of judging the intersection is used to judge whether the curved triangle is
located in the partition between the two longitudinal sections [ ]; and [];, 1. It can also be
accomplished by judging whether it is between the angle Aw; formed by the two adjacent
longitudinal sections. From point P to the two longitudinal sections [ ]; and [ ];, 1, a vertical



Mathematics 2024, 12, 1753

10 of 20

line is made, and the vertical feet are, respectively, P; and P;;, as shown in Figure 12.
When the point is located in the acute angle Ax;, the angle ZP; PP, is obtuse. Therefore,
if ZP;PP; 1 is obtuse, the vertex is located in the area of the angle Ax; between the two
longitudinal sections, and, if it is not obtuse, it is located in the area of the supplementary
angle. When all the three vertices of a curved triangle are located in the region of Aw;, it
can be considered that the curved triangle is located in the partition formed by the two
longitudinal sections and belongs to the corresponding partition D;.

Y

o X

Figure 12. The method of intersection judgment.

However, as shown in Figure 13, due to the malleability of the plane in space, the
preliminary partition result D; of the curved triangle determined by the above method is
essentially two subregions A and B of opposite angles, which needs to be further judged.
A direction judgment method of the vertical point is proposed. The direction vector d;/
and d; 1/, after the normalization of the projection line of the two longitudinal sections, is
calculated as Equation (15):

dy/ = (1, tan(@), 0)
dis1/ = (1,tan (%), 0) (15)

Two vectors PZ)Z and Pi+—1>OZ that are perpendicular to the center of rotation are
constructed, as shown in Figure 13. When their normalization results are the same as d;
and dj,1, the vertex P of the curved triangle can be considered to be located in region A;
otherwise, P is located in region B.

0%

(a) (b)

Figure 13. The position of the vertices of a curved triangle: (a) where the vertex is in zone A, and
(b) where the vertex is in zone B.
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4.2. Calculation of the Slicing Position

In AM, layering is needed to determine the thickness of each layer and the position of
all slicing planes. The proposed adaptive layering method is based on the vertex normal
vector of Hermite curved triangles, which can represent the characteristics of the curvature
of the surface model. The vertex normal vector of a Hermite curved triangle is used to
determine the local layer thickness that completely preserves the model features.

First, by traversing the partition D;,, p € {a, b}, the list P;,, p € {a, b} of the vertices
of the curved triangle with no repetition in the partition is obtained. According to the
information of the curved triangle vertices in P;,, the sum of the normal vectors of all
vertices in the list N’fp, including the maximum and minimum values in the list, which

can be written as Nj7™ and ngr};in/ are, respectively, calculated as Equation (16), where N;
represents the normal vector of the j th vertex.

n
NI, = ¥ N
=0 16
N?;ax =max {N1,Np,...,Np} (16)

NZ™ = min {N1,Ny, ..., Nn}

Then, the base normal vector setting of partition D;,, is performed. The purpose of the
proposed adaptive layering method is to reduce the staircase effect in model manufacturing
and save manufacturing time. The staircase effect is caused by the surface mutation and
the large angle between the model surface and the machining direction along the z axis.
Therefore, the direction vector of the longitudinal section [T; of the partition D, is set as
the reference normal vector le.p, as shown in Equation (17). It can be taken as a comparison
object of the normal vector within each group. In order to make the reference normal vector
represent the most suitable surface conditions for processing, zfp is set to be zero.

Ni, = {cos(wi),sin(oci),zfp},i € [1,n],p € {ab} (17)

The angle between N?p and pr can express the dip angle of the whole partition, which
means it can be used to judge whether the partition needs to be manufactured with a small
layer thickness. Since the proposed layering method only refers to the value of the normal
vector in direction Z, the vector N?p is projected to the plane that passes the vector N?p and

is perpendicular to the plane XOY, as shown in Figure 14. The projection vector N?p is
represented as Equation (18):

Ni, = Ni, — (Nf, x N/ )N/, (18)

where Nl.fp = [—sin(x;), cos(«;), 0] and 9?7 indicates tl"me angle between N}, and Na;p*, as
shown in Equation (19). In the same way, 9{;“ and 9{’;‘“, which indicate the angle between
pr and the projection normal of Ni7** and N?’;ir‘, can be calculated.

a
ip
a
N

N;,-N
9?7 = arccos

. (19)

S
N

According to the rule of judging the angle, the characteristic normal vector in the parti-
tion is analyzed, and the initial judgment concerning whether the partition D;, needs to be
encrypted can be obtained. The angle threshold — 5 < —01 < =602t <0< 0 <61 < T
is set to judge Gfp. When it does not satisfy Equation (20), the overall slope of the surface of
the partition is large and the whole partition needs to be encrypted.

_915t < Gfp < Glst (20)
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When Gfp satisfies Equation (20), there may be four situations of this partition, as
shown in Figure 15. Among them, there are two cases that need to be encrypted. The
first one, as shown in Figure 15¢, has a certain degree of inclination, but it is not enough
to affect the angle of the partition. Secondly, as shown in Figure 15d, although there is
a large degree of inclination, because of the positive and negative values in direction Z,
there is a cancellation in the summation. For these four cases, Gf’;}ax and Bg}m are used for
further judgment.

a
N’P

Figure 14. Setting of the reference normal vector.

(a) (b) (c) (d)

Figure 15. Sloping case of surface: (a) no slope, (b) no significant slope, (c) some slopes with a certain
degree, and (d) slopes in the opposite direction.

When Equation (21) is satisfied and both 9}‘;“ and 9?’;3" meet the gentle threshold 6,
and —6y, it can be considered that the overall surface slope of the partition is not large,
that is, the situation as shown in Figure 15b. Therefore, encryption of the layer thickness in
this partition is not necessary.

_625t < eg)ﬁn < 6$ax < 025t (21)

When Equation (22) is not satisfied, there are large slope surfaces in the partition and
there is a numerical offset, as shown in Figure 15d. Therefore, it is necessary to partially

encrypt the partition. .
—b1st < 65" < 05 < b1 (22)

When 93;5"( and 9{’;1“ satisfy Equation (22) but do not satisfy Equation (21), there
are some faces with a large inclination in this partition, but the overall inclination of the
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partition is not large, as shown in Figure 15c. In view of this situation, it is necessary to
partially encrypt near the vertex that satisfies Equation (23) in this partition.

0ip € [—01st, —02st] U [02st, 015¢] (23)

To determine the location of the model that requires encryption layering, the cor-
responding layer thickness needs to be calculated, as shown in Figure 16. In order to
simplify the calculation, the common layer thickness calculation method of the STL model
for adaptive layering is used for reference and the chord height /i; of the model is used to
control the layer thickness.

AZ, N?
ip P

v

Figure 16. Layer thickness calculation.

After simplifying the surface to be a plane, the desired chord height ks is set up, with
the result that the layer thickness satisfies Equation (24).

h
Bzip = si 5

oy (24)

If the surface is not simplified to be a plane, the chord height can be written as
(hs + Ah). Due to the convexity of the surface triangle, there is Ah > 0. Then, the layer
thickness can be written as Equation (25). Therefore, simplifying is better.

hs + Ah

With the encryption judgment, the partitions of interval j between Z; and Z;; are

judged one by one, and the encryption condition of each partition Dj; is obtained. The

table for the encryption condition in interval j that has n partitions can be obtained as
Equation (26):

1 71 1

Az]- s Z iy Limax

2 2 2
Azj L Zinax

L= . (26)

n n
min’/ Zmax

Az, Z

where the first row of L; means that in the interval [Zrlnin, Zrlnax] the layer thickness is Az}.
There is the condition, as shown in Equation (27), where there are intervals that have
several Az;. Therefore, the layer thickness should be integrated. For the intervals J; that

have been evaluated and the interval |Z”

in’ Zﬁlax} that is being evaluated, integration

occurs, as shown in Equation (28).

(Zhin Zhax| 0 | Z Zhax| # @,p,9 € [Ln] and p # q 27)
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[Zfrimin’ Zfrimax:| - ]f = {Z‘Z € {Zﬁﬁnr Zrli‘lax} and z ¢ ]f} (28)

Since encryption is aimed at better preserving the model features, for multiple encryp-
tion layer thicknesses corresponding to the same location interval, the smallest encryp-
tion layer thickness is preferred for the intervals, as shown in Equation (29) rather than
Equation (27).

pr_ s p q
Az]- = Azj = mm(Azj, Azj) (29)
The table of the preliminary result of the thickness of interval j could be written as

shown in Equation (30).
AZ1 Z1min  Z1max

Je = AZk Zkmin  Zkmax (30)

AzZy  Zymin  Znmax
In RP, there is a limitation of the minimum layer thickness, which can be set as
Zlim- The Az in J, should be integrated as shown in Equations (31) and (32), where
Zk+rmax — Zkmin > Zlim-

Nz = Nz, Nzg > Ziim
(31)
Azy = Ziim, [kain/ kaax} - [kain/ Zk+rmax]/ Az < Zlim
Az =min(Azy, Az, -, Dzgyy) (32)
The final table for encryption could be written as shown in Equation (33).
AZ1 Zimin  Z1max
J= Azp Zpmin  Zpmax (33)

AZy  Zymin  Zmmax

For the pth interval [mein/ meax] , a series of z coordinates of the slices can be obtained
as Zpmin, (Zpmin + A2p), (mein +2 A zp),..., Zpmax. Therefore, after calculating all the in-
tervals, the z coordinates of the slices for the whole model can be obtained as Equation (34).

Z1min/ (Zlmin + AZl)r * s Z1max
Zs = | Zpmin, (mein + AZp)/ s Zpmax (34)

ZNmins (ZNmin + AZN)/ *** yZNmax

Finally, according to the slicing planes that are determined by Equation (34), the whole
Hermite surface model could be achieved through adaptive layering.

5. Case Verification

In order to verify the feasibility and effectiveness of the proposed method, the Stanford
bunny model, as shown in Figure 17, was selected for the case verification. The Stanford
bunny model is a widely used 3D testing model in the field of computer graphics, produced
at Stanford University in 1994, and is one of the classic graphics models. The Stanford
bunny model can be downloaded from https:/ /graphics.stanford.edu/data/3Dscanrep /
and accessed on 1 January 2023.


https://graphics.stanford.edu/data/3Dscanrep/
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Figure 17. Stanford bunny.

The surface model obtained from the Stanford bunny solid design model used in this
article consists of 165,528 surface triangles, including 82,766 vertices. The surface of the
Stanford bunny model has many surface features, and there are multiple model contour
features on the same horizontal plane, which can encompass the characteristics of general
engineering models such as blades, camshafts, peristaltic robots inspired by inchworms [31],
customized bone implants [32], etc. Compared to the models mentioned above, the Stanford
bunny model has a higher surface complexity and a larger data volume, which can better
test the algorithm proposed in this paper and ensure that it can be transferred to general
engineering models.

Therefore, this paper takes the Stanford bunny model as an example for the method
verification. Taking the Hermite surface model converted from the Stanford bunny solid
model as the input, the AMF bunny model is sliced in equal thickness layers according to
the Hermite surface model slicing method proposed in Section 3. The number of layers
with an equal layer thickness is 14, and the corresponding slicing results are shown in
Figure 18.

Figure 18. Equal layer thickness slicing results of the bunny model.

The model is sliced with the proposed Hermite surface model slicing method, and the
section contour of each layer is obtained. This is compared with the slicing results of the
STL model, which contains 391,696 planar triangles, and the fourth and ninth layers are
shown in Figure 19. Where the blue area is the original model, the black line, the blue line,
and the red line represent the original contour, the Hermite approximating contour, and
the STL approximating contour, respectively. The degree of coincidence between the black
line and the blue line or the red line represents the approximating accuracy. It is obvious
that the blue line and the black line have a higher coincidence degree, which means that
the proposed slicing method has a higher geometrical accuracy than the traditional STL
slicing method.
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Figure 19. Comparison of Hermite and STL slicing results: (a) slicing contours at the fourth layer,
and (b) slicing contours at the ninth layer.

In order to further evaluate the improvement of the geometrical accuracy in the
proposed method, the original contours are extracted with the NX 12.0. The distance
between the data point on the original contour and the slicing contour can measure the
slicing error. Then, the slicing errors of the approximating contour of the Hermite model
obtained by the proposed slicing method and the approximating contour of the STL model
obtained by the conventional slicing method are calculated and compared, as shown in
Table 1. Error calculation is not implemented on the first and last layers due to too few
data points.

It can be observed from Table 1 that the average and maximum slice errors of the
contours obtained from each layer of the Hermite surface model slicing are much lower
than those of the STL model slicing. The average slicing error of each layer of the Hermite
surface model is about 0.003, while the average slicing error of each layer of the STL
plane model is about 0.05. The slicing error of the Hermite model is increased by 94.24%,
compared with that of the STL plane model. The maximum error of each slice of the
Hermite surface model is between 0.01 and 0.1, while the maximum error of each slice of
the STL plane model is about 0.3. The maximum error of the Hermite model is usually one
order of magnitude lower than that of the STL plane model. Figure 20 shows the variation
in the mean error of all the layers generated by the two methods. The proposed slicing
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method has a significantly lower and more stable error. It can be seen that the proposed
slicing method significantly improves the slicing accuracy.

Table 1. Slicing errors and error rates of the approximation model.

No. of }l\fe?rﬁ::i MAE of PCT of 11;431)1(132 MAX of PCT of
Layers STL (mm) Lift (%) STL (mm) Lift (%)
(mm) (mm)
2 0.0031 0.0527 94.12 0.0154 0.2813 94.53
3 0.003 0.0504 94.05 0.0984 0.288 65.83
4 0.003 0.0575 94.78 0.018 0.3078 94.15
5 0.0029 0.0552 94.75 0.0173 0.3271 94.71
6 0.0029 0.0587 95.06 0.0156 0.3646 95.72
7 0.0028 0.0539 94.81 0.0102 0.3119 96.73
8 0.0031 0.0612 94.93 0.0156 0.3612 95.68
9 0.0033 0.0618 94.66 0.0358 0.3616 90.1
10 0.0032 0.0489 93.46 0.0185 0.2988 93.81
11 0.003 0.0552 94.57 0.0171 0.3079 94.45
12 0.0034 0.0547 93.78 0.0515 0.3962 87
13 0.0046 0.0565 91.86 0.0804 0.3948 79.64
Total 0.0032 0.0556 94.24 0.0328 0.3334 90.16
0.08
MAE of STL
e —4— MAE of Hermite
50.06-
5-6
=
o
Q
£ 0.04;
8
<
g 0.02+
Q
P
A A A A A A A A A A A—4
0.00 r

1 2 3 4 5 6 7 8 9 10 11 12 13 14
No. of layers

Figure 20. Variation in mean absolute error.

The proposed adaptive layering method of the Hermite surface model is used to
perform adaptive layering on the bunny model. The number of layers is five, the number
of longitudinal sections is three, 61t = 7, 65t = %, and the chord height is set to be 1.5 mm.
According to the characteristics of the model, the model is layered. The minimum layer
thickness is set to 1.5 mm. Then, 51 slicing planes are obtained, and the layering results are
shown in Figure 21a. The angle threshold is kept unchanged, the chord height is set to be
0.5 mm and the minimum layer thickness to be 0.5 mm, and, as a result, 141 non-uniformly
distributed slicing planes are obtained, as shown in Figure 21b.

As shown in Figures 19 and 21, the layer thickness is significantly reduced in the areas
with obvious features. The proposed adaptive layering algorithm can better identify the
model features for the encryption layering, reduce the staircase effect, and improve the
manufacturing accuracy of the additive manufacturing. As shown in Table 2, when the
minimum layer thicknesses are the same, the error does not increase and the number of
layers is reduced by 11.8% and 21.3%, respectively. Moreover, the smaller the minimum
layer thickness is, the more obvious it is that the number of layers will be reduced. As
can be seen from Figure 21a,b, different approximating accuracy requirements can be met
by adjusting the chord height and the minimum layer thickness. Thus, the accuracy and
manufacturing time can be well balanced.
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(a) (b)

Figure 21. Results of adaptive layering of bunny model: (a) s = 1.5, zj, = 1.5, and (b) hs = 0.5,
Zlim — 0.5.

Table 2. Comparison between the proposed method and the uniform layering method.

Method Layer Height (mm) Max Chord Error No. of Layers
(mm)
Uniform slicing 2 1.9971 43
Uniform slicing 1.5 1.499 57
Uniform slicing 0.5 0.5 171
Proposed method 1.5~2.0 1.5 51
Proposed method 0.5~1.5 0.5 141

6. Conclusions

Adaptive slicing for Hermite non-planar tessellated surfaces models was carried out
based on an analysis of third-order Hermite surface triangles. For the Hermite surface
model, considering the features of the surface triangles in the surface model, the surface
model is sliced in order to ensure computational efficiency. Based on the surface character-
istics of the Hermite surface model, the encryption layering interval and the adaptive layer
thickness are calculated, the height set of the slicing plane is obtained, and the adaptive
slicing of the surface model is implemented. The method handled the complex situation
in the surface model and reduced the amount of data through preprocessing methods. It
is proven that the slicing error of the proposed slicing method is reduced by an order of
magnitude compared with the conventional STL slicing method on the classical Stanford
bunny model. In addition, the proposed adaptive layering method significantly refines
the feature region compared with the equal thickness slicing method and can satisfy the
desire for geometrical accuracy while reducing the number of layers by about 10-20%. The
proposed method is particularly suitable for objects with complex surfaces, for example,
a peristaltic robot inspired by inchworms, customized bone implants, etc. Therefore, it
has the potential to replace the existing adaptive slicing methods based on the planar
approximation model, which are currently used in RP.
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