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Abstract: The components with lattice structure as filling unit have great application potential in aer-
ospace and other fields. The failure of the lattice structure directly affects the functional characteristics
of the parts filled with the lattice structure. Aiming at the problem that it is difficult to evaluate the
deformation degree of metal lattice structure after mechanical loading in additive manufacturing, firstly,
the point cloud model of lattice structure is obtained by using CT scanning and three-dimensional
reconstruction, and then the skeleton of lattice structure is automatically extracted based on ; me-
dian algorithm. Finally, the deformation angle of rods is measured to evaluate the degree of defor-
mation and damage of parts. In this paper, the deformation evaluation of the rods of the BCC lattice is
discussed. The experimental results show that the proposed skeleton extraction technology achieves
the evaluation of lattice structure deformation. The experimental model is extended to BCC lattice
structure with unit cell number of nxnxn. When the ratio of the rods with more than 40% severe
deformation to all rods in the lattice structure reaches (2n—1)/2n* it indicates that the lattice structure

has undergone a large degree of deformation and should not continue to serve.

Keywords: additive manufacturing; BCC lattice structure; skeleton extraction; L; median value;
rods deformation; deformation detection

1. Introduction

Three-dimensional lattice structure is a kind of periodic porous structure, which is composed of
a large number of same lattice elements. Lattice structure integrates the characteristics of lightweight,
and high strength, which not only meets the load-carrying requirements, but also meets the unique



7526

functional requirements such as heat dissipation and noise reduction. It has excellent mechanical prop-
erties and material structure function integration characteristics [1,2], therefore, the lattice structure
has great application potential in aerospace and other fields [3]. Due to the complex internal structure
and relatively small size of lattice structure [4,5], as well as the variety of loads and harsh service
conditions, it is a challenging work to carry out quality inspection and evaluation of space complex
lattice structure, especially the evaluation of rods deformation.

The domestic and foreign scholars' research on the inspection of metal lattice structure by additive
manufacturing can be divided into two categories. One is the quality inspection of lattice structure after
additive manufacturing, which mainly aims at surface roughness and dimensional manufacturing ac-
curacy [6-8]. Bill et al. [9] extracted the contour and boundary information of lattice structure from
CT images to analyze the roughness of its support rods. Han et al. [10] measured the surface roughness
and diameter of lattice structure rods using scanning electron microscope and optical microscope. Xiao
et al. [11] analyzed the error of two lattice units with different topological configurations by match-
ing the 3D model reconstructed by CT scanning with its design model, and analyzed the error value
after the matching. The other is to evaluate the quality of lattice structure after the load is applied,
which mainly focuses on the failure behavior of lattice rods such as fracture. Hamza et al. [12] used
industrial CT to detect the three-dimensional shape of lattice structure before and after stretching,
and collected two-dimensional images, then characterized the failure behavior of lattice structure
fracture rod by electron microscope, and studied the morphology characteristics of lattice structure
by optical microscope.

The lattice structure can be simplified into a skeleton model, and the skeleton of the lattice struc-
ture can be obtained by using the skeleton extraction technology to evaluate the deformation of the
lattice structure. The studies on skeleton extraction are roughly divided into two categories. One is
grid-based skeleton extraction. These algorithms are designed for sealed surface mesh models without
missing holes. Au et al. [13] proposed the Laplacian shrinkage method, which shrinks the mesh to the
middle of the model by constantly balancing the shrinking and pulling energies. Tagliasacchi et al. [14]
proposed similar improvements based on Mean Curvature Flow. This type of method is concise, easy
to understand, and highly robust. The other is based on point cloud skeleton extraction. Tagliasacchi
et al. [15] proposed the ROSA method, which assumes that the local basic shape and structure of the
object model is a cylinder, and uses the normal vector information to calculate an optimal tangent plane
for each point on the point cloud to fit an ellipse, and finally Connect the central axis points of all
tangent planes to form a curved skeleton. Huang et al. [16] applied the median theory locally on the
point cloud model to obtain the local center point set, and cleverly added the repulsion term to form a
continuous one-dimensional space structure. Hu et al. [17] extracts the cross-section centroid set of the
point cloud model and connects them to form a main connection curve skeleton. At present, the study
on the lattice structure is still in its infancy. Due to the complex internal structure of the lattice structure,
it is difficult to detect the deformation of the rods after being stressed by the existing equipment. There
are few studies on the deformation degree detection of the rods in the lattice structure after loading. In
this paper, based on the geometric skeleton extraction technology of lattice structure, the deformation
evaluation of additive manufacturing metal lattice structure after loading is carried out.

2. Detailed technical route

There are a large number of lattice elements in lattice structure, and the scale of 3D reconstruc-
tion model data is huge, which makes the calculation load heavy in the actual processing process.
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Therefore, it is necessary to simplify the data on the basis of representing the characteristic infor-
mation of the 3D model as complete as possible. Skeleton line is an effective form to describe the
topological structure of objects, which provides a more intuitive definition for model representation
and geometric feature recognition. It can not only retain feature information to the greatest extent, but
also reduce the difficulty of algorithm operation [18]. In this paper, a lattice structure skeleton extrac-
tion algorithm based on I; median is proposed. The skeleton model is used to represent the topo-
logical shape of lattice structure, and finally the deformation evaluation of lattice structure is realized
through the skeleton model.

The lattice structure to which this method is applicable is shown in Figure 1. In order to reduce
the amount of calculation in the process of model processing, its topological configuration is simplified
as “nodes” and “skeleton lines”. “Skeleton lines” are the central axis of the lattice element rods (rep-
resented by the number in Figure 1), “nodes” are the intersection points of multiple skeleton lines
(represented by the letter in Figure 1). In this paper, the deformation evaluation of the rods of the body
centered cubic (BCC) lattice is discussed.

Back

(a) (b) (c)

Figure 1. Common lattice structure. (a) Body-centered cubic (BCC); (b) Regular octahe-
dral cell (OCT); (c) Dodecahedral unit cell (DOD).

The technical route of deformation assessment of metal BCC lattice structure rods made by addi-
tive manufacturing is shown in Figure 2. Firstly, the lattice structure is preprocessed, which includes
loading the lattice structure to obtain the deformed lattice structure, CT scanning it to obtain the two-
dimensional image sequence, and the image sequence is reconstructed to obtain the three-dimensional
lattice model after mechanical loading; then, based on L; median algorithm, skeleton points in the
center of lattice structure are extracted, and a series of skeleton points are fitted and extended to obtain
the complete geometric skeleton of lattice structure; finally, since the lattice structure rods made of
titanium alloy and aluminum alloy are still linear after deformation, the degree of deformation of each
rod and the overall deformation of the lattice structure can be evaluated by calculating the angle be-
tween the rods.

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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Figure 2. Technical route for deformation assessment of metal lattice structure members
fabricated with additive materials.

3. Extraction of skeleton of lattice structure
3.1. Skeleton points extraction of lattice structure rods based on L median

The definition of L; median value is shown in Eq (1), that is, x is the point with the smallest

sum of distances to all points in a given set of points. Where O =1{0,},_, R’ is the set of given

points and X ={x} =R’ is the final global L, median point.
x:argmminzjej HX_OjH (1)

Daszykowski [19] proved that the median value of L; is the unique global center of a given set
of points, but it cannot form the skeleton line of the lattice structure. Therefore, the local ; median
value is introduced. A sampling point x only considers the original points in its neighborhood, and
all the original points whose distance from x is less than the threshold value are regarded as the
adjacent original points of x, forming the original point neighborhood of x. The revised definition
of L; median is shown in Eq (2):

argmmin 2., zje.] [l x; —9; 10l x; 9 D 2)

Where O={o,}, , < R’ is the input point set, X = {x,}

e c R’ is the point set obtained by

iel
random down sampling from O, and the number of points |/ |=|J|. 6(r) is a Gaussian weight
function, and the specific expression is shown in Eq (3):

o(r) = e—rz/(h/Z)z (3)

Where 7 is the distance between the sampling point x; and the original point 0;, and 4 is
the parameter used to control the neighborhood size. The closer the original point 0, isto x,, the

greater the weight is; the farther away the original point o, is from x,, the smaller the weight is. The
iterative solution of local [; median is:
. 0.0,
il 2ajes @

Where o, is the weight function and @, =6(||x" —o; |)).
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Skeleton lines are extracted based on [; median algorithm, and the sample points are iteratively
contracted by expanding the neighborhood radius to form skeleton points. Generally, the distribution
of points in three-dimensional space is described by the degree of dispersion or density. In the branch
position of skeleton, the distribution of points is relatively scattered. In the main part of skeleton,
the points are relatively concentrated on one-dimensional line. In this case, covariance matrix is
needed to describe the dispersion of sampling points. For any sampling point x,, the covariance

matrix is as follows:
C= Zi'e[\{i} (| x; —x, [D(x; _xi')T(xi —X;) (5)

Where x, istherow vector, C. isa 3x3 matrix,and X, isthe row vector at any point except

x, in the sampling point set X . The three eigenvalues of the matrix are 4° <4' <A’ and the cor-

responding three eigenvectors {v.”, v, v,

1

*1, which represent the three main directions of the point dis-

tribution. The eigenvalue represents the density of the points in the direction. The larger the eigenvalue
is, the denser the points in this direction are. On the contrary, the more scattered the points are. The
distribution measure is defined to describe the distribution of points:

A’

O'fzd(xi)Zm (6)

Based on the description of point distribution metric in Eq (6), the definition of regular term of
point distribution metric can be obtained, that is R(X):

R(X)= Zie[ 7!‘21"61\{1 M (7)

} O, || X, — X ||

Where {y,},., is the equilibrium parameter, which makes the gravitational force of the input

points and the repulsive force of the sampling points balance. Finally, the final definition of Z; me-
dian algorithm is shown in Eq (8):

argmmin X, X, 1|, ~0, || 6(I 5, ~ o, )+ R(X) @®

Among them, the first term argmmin._, > _, [|x, —o, [|0(||x, —o,[]) is the local L; median,

and the second term R(X) is the regular term. By solving Eq (8), the set of iterative points can be

obtained:

k k k k

£l Z_/eJojatf/ k Zi'el\{i}(xi =% ) B
X, = ¢ THOo; k )

Zje] a; Zi'e]\{i} ,3”
o x" —o; ) 0| x* —x.k )
k i . k i i . . . .
Where @, =—————(jeJ), B, =——— ==(i'el\{i}), o/ =o(x") , p is
Hxi —0; H Hxi —Xp H

the parameter controlling the repulsion force between sampling points, and x €[0,0.5).In this paper,
1=0.33.
After solving Eq (8), X becomes regular, that is, the central skeleton points of the point cloud.
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Figure 3. L, median algorithm.

According to the [; median theory, the extraction process of BCC lattice structure rods skeleton
points is shown in Figure 3, in which the main steps are random down sampling of point cloud and
iterative shrinkage of sampling points. Random down sampling of point cloud is very important for
skeleton point extraction. In this paper, the classical shuffling algorithm is used for down sampling.
The more the number of sampling points is, the more accurate the result is, and the corresponding
amount of calculation will also increase, thus greatly prolonging the running time of the program; the
less the number of samples, the less the amount of calculation, but the accuracy of the extracted skel-
eton line will also decline. Therefore, it is necessary to select an appropriate number of samples and
define the sampling rate as:

nsam

(10)

norg

Where n,,, isthe number of sampling points and 7, is the number of points in the input point
cloud.

In the iterative contraction process of sampling points, it is necessary to obtain the “gravitation”
and “repulsion” of sampling points, that is, the first and second terms of Eq (8): The solution of “gravity”
needs to be determined by the neighborhood of each sampling point in the input point set, and the [;
local median value of the sampling point can be obtained; “The solution of “repulsive force” needs to
be determined according to other sampling points in the neighborhood of each sampling point, and the
regularization term with point distribution can be obtained.

The specific steps of extracting skeleton points of lattice structure rods are as follows:

(a) Random down sampling of the original point clouds set J to get the point set 7 ;

(b) According to the neighborhood radius 7, the neighbor set N,, in J and the neighbor set

N, in I ofeach sampling point x, are calculated;

sam

(c) According to Eq (5), o; of each point x; is calculated;
(d) Traverse each x; in /:

@ Traverse every adjacent point x, of x, in N, , calculate the right term of Eq (8), and get

sam >

the three-dimensional vector repulsion;
@ Traverse every adjacent point 0, of x; in N, calculate the left term of Eq (8), and get the

org >

three-dimensional vector average;

(e)In I, x, =average, + 0, u-repulsion,;

(f) If the change between the two iterations is greater than the set value, or the neighborhood
radius reaches the preset threshold, the iteration ends.

Figure 4 shows the effect of extracting skeleton points of 3x3x1 BCC lattice structure at dif-
ferent sampling rates. When « 1is 3%, the extracted skeleton points are incomplete. When «a 1s 5%
or 10%, the extracted skeleton points are complete, and the effect is not obvious in the two cases.

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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Therefore, the sampling rate « is finally selected as 5%.

Figure 4. The sampling rate of skeleton points. (a) ¢ =3%;(b) a=5%;(c) a=10%.
3.2. Generation of geometric framework of lattice structure

Considering the particularity of the lattice structure, the rods are still a cylinder without defor-
mation, but they are broken at the cross nodes of the rods. Therefore, it is only necessary to calculate
the local Z; median points in the middle of the rod, and fit these points with a straight line to get the
current central axis of each rod. After that, extend the central axis of each rod, and the extension inter-
section of the central axis of the rod without fracture is the “node” (i.e., point O in Figure 5(a)). By
searching the central axis of the rod near the node O, the fracture position can be obtained. By asso-
ciating the central axis of the rod with node O, the central axis of all rods in the unit cell with O as
the center point can be found. Thus, the angle deformation of the rods of each unit cell is measured
after mechanical loading.

The specific steps of skeleton points optimization are as follows:

(a) The extracted skeleton points are fitted as straight lines, and the direction vector set L of the
straight line and the point set P composed of a point on the straight line are obtained;

(b) According to the point P in the point set P, all the points are sorted according to the coor-

dinates, and the position of each rod relative to the center point of each unit cell is obtained;

(c) The center point set C of a unit cell is obtained by intersection of the center lines of every
eight rods. The initial value C, of the center point is obtained by average value of the center point
set C . If the distance between the intersection of the center lines of the two rods and C, is greater
than a certain threshold, the point will be deleted. The corresponding rod of the point will be defined
as a severely deformed rod, and the center point C, of C will be obtained again, This process is
repeated until the distance from all intersections to C,, is less than the threshold;

(d) The center point of each cell and the direction vector of each rod are known. For the severely
deformed rod, a straight line of specified length is drawn from the center point along the direction
vector, and finally the skeleton lines of the lattice structure are obtained.

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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Figure 5. Generation of geometric skeleton of unit cell feature. (a) The “skeleton points”
of the rods; (b) The “skeleton points” are extracted from the undeformed cell; (c) The
“skeleton points” are extracted from the deformable cell; (d) Fitting line with the “Skeleton
points”; (¢) The undeformed cell generates a complete skeleton line; (f) After deformation,
the unit cell generates complete skeleton lines.

3.3. Deformation evaluation of lattice rods

When the uniformly distributed load is applied, the rods of lattice structure deform and fracture
along the direction of force. Therefore, the deformation degree of the rods after mechanical loading of
lattice structure is mainly obtained by detecting the angle change of the rods in the direction of force
in each unit cell. As shown in Figure 6, the selected lattice unit is defined as Z; layer, L, layer and
L3 layer from top to bottom. The number of lattice cells in each layer is 3x1x1, which is defined as
cell Ly,(m,n=1,2,3) from left to right. The angles of rods 1 and 3, 2 and 4, 5 and 7, 6 and 8 in each
unit cell are measured. The direction vector of each rod is recorded as V', and the measured angle is
recorded as 6;(i=1,2,5,6,j=3,4,7,8). In BCC standard model, the design value of &; is 70.5°.

By multiplying the space vectors V; and V; of the two rods on the unit cell, the space angle

g; of the two rods is obtained:

ViV (11)
Il

1

cos6; = ‘
*

After obtaining the required angles 6y, it is consistent with the design value of 70.5°. According
to the change range of 6, the deformation of lattice structure is evaluated.

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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Figure 6. Lattice structure deformation model.
4. Experimental results and discussion

4.1. Lattice structure preprocessing

In this paper, BCC lattice model is used as the experimental object, the rod diameter is 2 mm, the
material is titanium alloy Ti6Al4V, the size is 30 mm x 30 mm x30 mm, the number of cells is 3x3x3,
the selective laser melting manufacturing process is adopted, the equipment is EOS M400, the laser
power is 280 W, the layer thickness is 30um, the scanning speed is 1200 mm/s and the width of printing
room is 0.14 mm.

The preprocessing of lattice structure are as follows:

(1) Firstly, the quasi-static compression experiment of BCC lattice model is carried out. The ex-
perimental method refers to GB/T 7314-2017 “metallic materials room temperature compression ex-
perimental method”, and the unidirectional compression experiment is carried out on the experimental
sample by using electronic universal material testing machine. The experimental equipment is elec-
tronic universal material testing machine, the manufacturer is HUALONG, and the model is WDW. If
the lattice has deformation, that is, when the lattice structure is completely broken into several parts,
there is no need to carry out the rods’ deformation detection. Therefore, when it is observed that only
part of the rods of lattice structure fracture, but the lattice structure doesn’t have plastic deformation,
the experiment is stopped.

Table 1. CT scanning parameters of lattice structure.

Parameters Value
Scan Voltage /kV 420
Scan Current /mA 1.6

Integration time /ms 250
Magnification 2.1
Voxel size/ m 200
Gain 0.25
Pre-filter 1.5 mm Cu

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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(2) The lattice model after mechanical loading is scanned by CT, and the scanning equipment is
IPT04103D. The scanning parameters are shown in Table 1. After CT scanning, the sequence images
of lattice structure can be obtained, and the mesh model or point cloud model of lattice structure after
mechanical loading can be reconstructed by using marching cube algorithm, namely STL, PLY, OBJ
and other formats, and then skeleton lines can be extracted from the generated model.

LRR?°

(A N B N N

M

(b)

Figure 7. Lattice structure preprocessing. (a) Lattice quasi-static compression experiment;
(b) Sequence images after CT scanning; (c) 3D model of lattice structure after image re-
construction.

4.2. Extraction of lattice structure skeleton

The BCC lattice model selected in this experiment is shown in Figure 8(a), and the lattice model
after pressure loading is shown in Figure 8(b). According to Figure 8(b), in the direction of force load-
ing, the deformation of the three-layer lattice structure from front to back is basically the same. In
order to improve the detection efficiency and reduce the computing load of the computer, only 3x3x1
lattice units are intercepted for analysis. The intercepted part is shown in Figure 9(a). The L; median
algorithm described in this paper is used to extract the skeleton lines. The effect after the completion
of the algorithm is shown in Figure 9(b). After the optimization of the skeleton points in the center of
the lattice structure rods, the complete skeleton lines of the lattice structure after mechanical loading
is obtained, as shown in Figure 9(c).

(a) (b)

Figure 8. BCC lattice model. (a) Original lattice structure; (b) Lattice structure after pres-
sure loading.

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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Figure 9. Lattice structure skeleton extraction. (a) Selected lattice units; (b) Extraction of
skeleton points in the center of rods based on lattice structure; (¢) Complete skeleton lines

of lattice structure after mechanical loading (the scale is 1:1.3).

The results of using the skeleton lines extraction algorithm based on the I; median value pro-

posed in this paper to detect the angles of the first to third layer rods after mechanical loading are
shown in Table 2 (Note: “—” in the table means that the rods fail after mechanical loading, and the
angle cannot be measured). The line chart according to the angle of the unit cell rods of each layer in

the selected area is shown in Figure 10.

Table 2. Rods angle values of each layer unit cell.

Angle 913 /° N /° 957 /° 968 /°
Area
L L 51.6743 55.6354 52.1447 53.7984
L 28.5991 53.6314 25.5919 51.4421
Lis - 31.0739 33.0057 —
L, Lo 37.4437 61.6417 60.6833 38.1351
Ly 58.6888 35.7548 37.3582 58.951
Lo 60.9467 59.3037 61.4736 62.0309
Ls L 70.1933 38.9724 38.9211 67.3446
Ly 68.5487 66.999 68.0281 67.9142
Ls3 66.3276 66.8002 67.6431 66.6511
80 v g 80 ’ 80 s
o 60 ]’1; ",: 60 ><"_>< Bt Lns o 60 \——/ L3
' (5‘:3 19':4 5'5., {J:_N 9:_; 0'14 6;7 BI,,,. ﬂlu f;:J 0.57 g‘(m
Angle number Angle number Angle number
(a) (b) (c)

Figure 10. Angle change of each layer of cell rods in selected area. (a) The angle value of
each unit cell rods in L; layer; (b) The angle value of each unit cell rods in L, layer; (c)

The angle value of each unit cell rods in L3 layer.

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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4.3. Analysis and discussion

According to the data in Table 2 and Figure 10: (1) Compared with the design model rods angle
of 70.5°, the angles of the L; layer at the break of the rods are between 25° and 35°, and the range of
change is the largest, followed by the L, layer (35°-38°), the angles of the I3 layer have the small-
est degree of change (38°—40°); (2) The angles of L; layer are the largest at the position where the
rods are not broken but deformed, and the angle of each rod is between 50° and 55°, followed by the
L, layer (58°—62°), the angles of the 3 layer have the smallest degree of change (66°—70°).

Taking the 3x3x3 BCC lattice structure of the experimental object in this paper as an example,
the angle range and failure ratio of the rods when the lattice structure deforms and fails can be obtained.
When the measured angle 6; of the two rods is between 20° and 40°, that is, more than 40%
((70.5-40)/70.5*100% = 42.5% ) deformation occurs relative to the design angle of 70.5°, indicating

that the lattice structure is seriously deformed along the oblique section from the upper left to the lower
right, or the rods is broken. This kind of lattice structure is about to fail. By analyzing the data in Table
2 and Figure 10, the failure rate of the nxnxn lattice structure is defined as:

S(n) =4m7 (12)

Where m is the number of rod angles less than 40° in the nxnxn lattice structure, 4n’is the
total number of measured angles. In 4n*, »n’
are measured for each unit cell.

More than 10 of the 36 angles measured by the model in this paper are less than 40°, and the
failure rate is 10/36. The mechanical properties of the BCC lattice structure are basically the same,
which can be extended to 2x2x2, 4x4x4 lattice structure. When it is measured that failure rate of
the rods is 6/16, 14/64 or greater than this ratio, it means that the lattice is about to fail. This conclusion
can be generalized to the nxnxn lattice structure, and m can be summarized as 2x(2n—1).

is the number of unit cells of nxnx1, 4 is 4 angles

Therefore, the final expression for the failure rate f(n) is:

_2x(@2n-1) _(2n-1)

S (n) o e (13)

When the rods are severely deformed by more than 40% and the failure rate reaches
(2n—1)/2n?*, it indicates that the rods of the lattice structure have undergone a large degree of defor-

mation along the oblique section from the upper left to the lower right, and the structure is about to
fail.

5. Conclusions

In this paper, based on the 1; median lattice structure skeleton extraction technology, the defor-
mation evaluation of the BCC lattice structure is realized, and the conclusions are as follows through
experiments:

1) Based onthe Z; median algorithm, it can effectively extract the “skeleton point” of the center
of the lattice structure after mechanical loading. On this basis, the geometric skeleton can be generated
to obtain the deformation degree of the rods and evaluate the overall deformation of the lattice structure;

2) For a BCC lattice structure with a unit cell number of 7nxnxn, when the ratio of the rods with
more than 40% severe deformation to all rods in the lattice structure reaches (2n—1)/2n%, it indicates

Mathematical Biosciences and Engineering Volume 18, Issue 6, 7525-7538.
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that the rods of the lattice structure have undergone a large degree of deformation along the oblique
section from the upper left to the lower right, and this structure is about to fail;

3) The method proposed in this paper is suitable for lattice structure with large deformation or
partial fracture.
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