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ABSTRACT

Lightweight thin-walled structures with lattice infill are widely desired in satellite for their high stiffness-to-weight
ratio and superior buckling strength resulting from the sandwich effect. Such structures can be fabricated by metallic
additive manufacturing technique, such as selective laser melting (SLM). However, the maximum dimensions of
actual structures are usually in a sub-meter scale, which results in restrictions on their appliance in aerospace
and other fields. In this work, a meter-scale thin-walled structure with lattice infill is designed for the fuel tank
supporting component of the satellite by integrating a self-supporting lattice into the thickness optimization of the
thin-wall. The designed structure is fabricated by SLM of AlSil0Mg and cold metal transfer welding technique.
Quasi-static mechanical tests and vibration tests are both conducted to verify the mechanical strength of the
designed large-scale lattice thin-walled structure. The experimental results indicate that the meter-scale thin-walled
structure with lattice infill could meet the dimension and lightweight requirements of most spacecrafts.
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Nomenclature

Dpart Topology description function

X Point coordinate

Dparte Topology description function of a cylinder
Dparts Topology description function of a sphere
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L, Length of a cylinder

O art Slant angle of a rod-shaped part with respect to the horizontal plane
byare Diameters of a cylinder and a sphere

D Fixed Eulerian domain

Q A subset of rod-shaped part

082 Structural boundary

Os Topology description function of a lattice unit cell
Dparti Topology description function of a rod-shaped part
0 Effective density of a lattice unit cell

Qs Design region of a lattice unit cell

| Q| The volume of a lattice unit cell

H Heaviside function

D7, Effective elasticity tensors of a lattice unit cell
D, Elasticity tensor of the solid material

u® Strain field

e, Strain field

e\ Given macroscopic strain

v Virtual displacement field

U Kinematically admissible displacement field

k Stiffness matrix of a lattice unit cell

B Strain-displacement matric

t Thickness design variables

m Objective function

f Fundamental frequency

fo Minimum natural frequency required

O max Maximum stress

O, Allowable maximum stress

T iower Lower limit of thickness design variables

1 Introduction

Lightweight and high-efficiency structures are highly desired in the fields of aircraft and spacecraft
for improving system performance and conserving propulsion energy during launch or in flight
[1,2]. In particular, thin-walled structures with lattice infills have attracted numerous attention as an
innovative potential structural pattern characterized by improved performance and reduced weights
[3,4]. This kind of structures, also termed as infill structures, can effectively combine the advantages
of the Lightweight lattice and high load-bearing shell structure. With the remarkable development of
additive manufacturing (AM) technology, complex lattice infill structures can be rapidly fabricated.
Besides, the infilled lattice can facilitate the AM process by providing support for the thin-walled shell.
Recently, lightweight metal lattice structures have been successfully fabricated through the selective
laser melting (SLM) technique [1,5-8].

Considering the variation in geometric shape, dimensions and size dependent mechanical proper-
ties, the elastic deformation, mechanical strength, energy absorption and vibration isolation properties
of lattice structures fabricated through SLM have been studied adequately by means of experiments,
calculations and mechanical theory [9-15]. To achieve extreme lightweight property, lattice structures
are usually employed in the space domain. On the basis of lattice structures, payloads supporting struc-
tures and thermal controllers of satellites have been designed and verified through experiments [2,16].
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These secondary structures or thermal functional structures of satellites usually bear relatively small
mechanical loads, and their dimensions are usually in the range of approximately 100~300 mm. For
example, the satellite main structure made of lattice sandwich structures was designed, verified [!],
and launched into space with the QIANSHENG-1 satellite on August 17, 2019. The dimensions
of the prototype structure and the actual structure of the satellite launched into space are 400
mm® x 400 mm’ x 400 mm® and 525 mm’ x 480 mm’ x 425 mm®, respectively. However, according
to several different mission requirements for the satellites, the dimensions of the fuel tank supporting
components are usually in the range of approximately 1~3 m. Their structure patterns are generally
assumed to be a thin-wall stiffened structure, and the most applied manufacturing method is mainly
machining or casting. Due to the high stiffness required, the tie rods and other external structures are
usually designed on the fuel tank supporting component to further improve its stiffness, which leads
to the complex structure and insufficient lightweight. Therefore, the meter-scale thin-walled structure
with lattice infill needs to be urgently developed to meet the dimension requirements and lightweight
property of most spacecrafts.

2 Related Works

In general, a lattice infill structure consists of a solid shell and lattice infill, in which the solid
shell acts as an exterior thin surface layer to surround these lattices. It is worth noting that the kind
of structure has typical two-scale characteristics. Thus, a multiscale design method, with flexible
designability for both macroscopic solid shell and microscopic infilled lattice, would be a highly
effective tool to create such a thin-walled structure with lattice infill. Recently, a significant advance in
multiscale design methods enables scholars and engineers to pursue lightweight and high-performance
infill structures. Wu et al. [17] designed the infill porous structures by introducing local volume
constraint into a density-based topology optimization method. Clausen et al. [18] presented a coating
approach to topology optimization to design the macroscale layout for both a solid shell and a porous
triangular infill. Wadbro et al. [19] proposed a multiscale topology optimization method for an infill
structure with a thin skin and uniform optimized lattices. Then, they further extended this method to
suppress the undemand vibration of such an infill structure [4]. Zhou et al. [20] presented a concurrent
topology optimization method of shells with self-supporting infills, and a precise overhang control
was tailored to satisfy the additive manufacturing constraint. Liu et al. [21] developed a hybrid MMC-
MMV approach for designing additive manufacturing-oriented shell structures with graded lattice
infills. Recently, the authors[22,23] proposed a multiscale topology optimization method for designing
geometrically asymmetric sandwich structures with graded or uniform microstructure infills. Later,
this method was further extended to design the graded lattice sandwich structure with lightweight
lattices as self-supporting infills [24,25]. It can be noted that the multiscale design method for thin-
walled structures with lattice infills has been a hot topic. Unexpectedly, its extraordinary potential
has not yet been extensively exploited to study satellite components. Therefore, an effective multiscale
design method is still in great demand to enhance the innovative design ability of satellite components
for better performance and lighter weight.

In presented work, the multiscale design method is further explored for a meter-scale thin-walled
structure with lightweight lattice infill as fuel tank supporting component of a satellite. To achieve
the goal of better performance and lighter weight while meeting all design requirements, the design
procedure is performed to optimize thin-walled structure with lattice infill by integrating the self-
supporting lattice into the thickness optimization of thin-wall structure. The maximum dimension of
the satellite component is 1.255 m in diameter, and it is fabricated through SLM of AlSil0Mg and cold
metal transfer welding technique. To the best of our knowledge, this metal lattice thin-walled structure
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used as the fuel tank supporting component has the largest dimension. Both quasi-static mechanical
tests and vibration tests are conducted to verify the mechanical strength of the designed large-scale
lattice thin-walled structure.

3 Infill Lattice Design
3.1 Design Constraints for AM

AM techniques, such as SLM, have become the first choice of fabricating 3D lattice structures
with complex geometry due to its dramatic manufacturing freedoms. However, there are still some
geometrical constraints of AM that need to be carefully considered during the design process [26—
30], mainly manifesting in the following four aspects: the absence of enclosed voids, the absence of
an islet, minimum/maximum dimensions, and an overhang angle that is measured with respect to the
horizontal plane. It is worth noting that only the overhang angle affects the configuration design of 3D
lattices composed of slender structures. Specifically, the dimensional error and surface roughness of
3D lattices fabricated by SLM increase as the angle between the lattices and the horizontal direction
decreases [10,31-33]. Each part of the 3D lattice with an overhang angle of less than 35" must be
sufficiently supported to prevent structural material from being distorted or even collapsed during
fabrication process. To avoid the supporting material in the fabrication process, self-supporting lattices
with overhang angles larger than 35" are designed in this work. Different from traditional lattices
composed of struts at any angle, the self-supporting lattices only consist of inclined struts, except for
horizontal struts.

3.2 Lattice Geometry Description

Inspired by the multi-fold rotational symmetry of crystallography in solid physics, several classes
of self-supporting lattices for AM can be designed by rotating a slant strut around the vertical direction
at an angle distance of 120°, 90°, or 60° [34]. In this work, the lattice with four-fold rotational symmetry
(i.e., body-centered cubic cell) is employed for its low density and high-efficiency load-bearing, as
shown in Fig. 1. For the sake of high-accuracy and free-form geometry design, a topology description
function (TDF) based on a level set is used to describe the explicit geometry of rod-shaped parts within
lattice unit cell [24,35,36], as expressed in Eq. (1).

G (X) >0, if x€Q,
G (X) =0, if x€0%, (1)
G (X) <0, if x e D\Q

B (X) = MAX (B (X, 1 2) s Byt (65 2) s B (%:3,2))
Dpare (X, 9, 2) = MIN (Bpurier (X, 1, 2) s Ppumer (X, 1, 2))

Bt %, 9,2) = (Lpan/2)” — (€08 6y L)

Bparer (X, 1,2) = (Lyur /2)2 — (sin6,,, - Ld)2 ,

Bpart (6, 9:2) = (Lpun/2)” = (x = x> + (0 = 1> + (2 — 21)%,
Bz (4.9.2) = (Lun/2) = (x =0+ =) + (2 —2)".

where D is a fixed Eulerian domain and €2 is a subset of D occupied by a rod-shaped part. 92 is
the structural boundary and x denotes the point coordinates in D. The rod-shaped part consists
of a cylinder and two spheres, and their TDFs are ¢,,.. (X,,2), @pua (X,¥,2) and @0 (X, 1, 2),
respectively. The two spheres are respectively centered at (x,, y,, z,) and (x,, ,, z,), which are also the
center of the ends of the cylinder. Namely, the diameters of the ends of the cylinder and two spheres

)
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are equal, which are denoted by ¢,,,. The center point coordinate of the cylinder is (xo, yo, Z), and its
length is denoted by L,,,, which can be calculated as L,,, = Vo —x) + 0, — ) + (2, — ).

L

+ Z

X

(a) Geometric representation of a rod-shaped part (b) Schematic of a lattice unit cell

Figure 1: Schematic illustration of a lattice unit cell

And 6, 1s the slant angle of a rod-shaped part with respect to the horizontal plane, which can be
calculated by using the point coordinates of both ends (x;, y,, z;) and (x», ,, z,), as follows:

2
COS Oy = \/ (a’xak2 +dd, +dd,/L,|d +d +d ) (3)
Sin eparl = 1 - cos? eparl (4)

WhereLd = ‘/di +dj +d;2, de = x2_x03dy2 =y2_J’o,dz2 = Zp— Zp, dx = x_x0>dy =y—y09dz = Z—2Z.

It is observed from Fig. 1b that the lattice unit cell can be viewed as a combination of four rod-
shaped parts. Thus, its TDF of a lattice unit cell can be expressed by

s (x) >0, if xe€Qg (solid)
ps(x) =0, if xe€ Qs (Boundary) %)
os (x) <0, if xe D\Qy, (Void)

where ¢ (X) = max(¢,), and ¢, = ¢,,.; (X), i = 1,2,3,4.¢,,.; 1s the TDF of a rod-shaped part in the
lattice unit cell. Q4 denotes the region occupied by the lattice unit cell, and obviously Q5 = U}, Q.. 9K
is the structural boundary of the lattice unit cell.

3.3 Lattice Property Estimation
Benefitting from the explicit geometry description based on a level set function, its effective density
of a lattice unit cell can be calculated directly in a numerical integration way [25,37], as follows:

1
194l

P / H (5 (%)) dS2s )

where Qg and || represent the design domain and the volume of a lattice unit cell, respectively. H (-)
is the Heaviside function to indicate different parts of the design domain.
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With the help of the numerical homogenization method as an effective means of estimating the
effective mechanical properties of periodic materials, its effective elasticity tensors of a lattice unit cell
can be calculated as follows [24,38,39]:

1 ) ) )

D?]d - | Q%] /Q (62;’]) — &, (“(m)) D, (efjm — €, (“W))) H (¢s (x)) dS2s (7)
$ s

where i, j, k and [ are equal to 1, 2, ..., d, and d is the spatial dimension. D,,,, denotes the elasticity

tensor of the solid material. The displacement field u” corresponds to strain field &7, (u”) which can
be calculated by solving the following equation at microscale with the given macroscopic strain &)”:

/ (&) — e (u?)) D& (V¢) H (s (x)) dQ2s = 0,99 € U (Qy) ®)
Qs

where v* represents the virtual displacement field, and U () denotes the kinematically admissible
displacement field satisfying the periodic conditions for the lattice unit cell.

Based on the effective elasticity tensors of a lattice unit cell, its macroscopic stiffness matrix k can
be calculated by

k= / B'D’, BdS2; 9)
Qg

where B is the strain-displacement matric. It is noted that the calculated macroscopic stiffness matrix
k will be used as the elasticity equivalent stiffness of lattice infill for the subsequent thickness
optimization of thin-wall.

4 Thickness Optimization of Thin-Walled Structure

The workflow of designing thin-walled structure with lattice infill is shown in Fig. 2. In the
structural requirement analysis phase, the design constraints and design objective are determined in
accordance with the satellite requirements. In the infill lattice design phase, the structural geometry of
the infill lattice is represented by the TDF in accordance with its design parameters. And the equivalent
stiffness of infill lattice is calculated through the numerical homogenization method. In the thin-wall
thickness optimization phase, the thickness of thin-wall is optimized for the minimum mass with the
constraint of sufficient stiffness and fundamental frequency. In the geometry reconstruction phase,
the apparent thin-wall is built, and the joint structures for screws are built as solids to improve the
local mechanical strength. And the lattice infill is filled in the internal enclosed space of the thin-wall.
Finally, the 3D model is outputted to be fabricated through AM.

The connection relationship among the main supporting component, fuel tanks, and other part
of satellite is shown in Fig. 3. The main supporting component is firmly connected to the other part
of satellite by 16 screws, that is, a cylindrical shell. The diameter of main supporting component is
1255 mm. The weights of both fuel tanks supported by the main supporting component are 71.5kg.
They are fixed to the main supporting component by 16 screws.

In the thickness optimization model of thin-wall, the design constraints mainly include the
dimension constraints and mechanical properties constrains. The dimension constraint is that the
height of the fuel tank supporting component is less than 151 mm, which is limited by the spatial
layout of various equipment inside the satellite. What’s more, the fuel tank supporting component is
designed with six parts, as shown in Fig. 4. This is mainly because the SLM equipment with the limited
fabrication dimension of 600 mm® x 600 mm’ x 600 mm’ is used in this work.
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Structural requirement analysis

Infill lattice design

Definition of lattice design parameters

'

Geometry description of lattice infill

'

Stiffness equivalence of lattice infill

Thin-wall thickness optimization

Geometry model construction of thin-walled structure

v

mechanical analysis of thin-walled structure

v

Thickness optimization of thin-walled structure

Geometry reconstruction of thin-walled structure and
Lattice infilling

v

Outputting 3D model to be fabricated

Figure 2: Workflow of designing thin-walled structure with lattice infill

Fuel tank

Mam. ‘: Other part of
supporting satellite
component

Figure 3: Schematic of connection relationship among main supporting component, fuel tanks, and
other part of satellite

The mechanical properties constraint is that the fundamental frequency of the fuel tank support-
ing component is larger than 80 Hz, and the maximum stress is less than 100 MPa. The design objective
is to minimize the mass of the fuel tank supporting component. The macroscopic shape of the thin-
walled structure is a spherical crown with the height of 151 mm. A widely used body-centered cubic cell
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with dimensions of 5 mm’ x 5 mm?® x 5 mm’?, and struts diameter of 0.5 mm is employed as the lattice
infill. The finite element model of the thin-walled structure with lattice infill to be optimized is built,
as shown in Fig. 4. The thin-wall is simulated with shell elements, and the lattice infill is simulated
with homogenized solid elements. The boundary condition is the zero displacement constraint of the
16 screws at the edge of the fuel tank supporting component. Each fuel tank is simplified as a mass
element with mass of 71.5kg and inertia moment of 14.1 kg-m? in three orthogonal directions. The
mass element is connected to the fuel tank supporting component via the multipoint constraint element
at the 16 screw positions. And thus, the optimization model of thin-walled structure can be formulated
as follows:

Find : t
Min imize : m (t)
Subject to: f(t) > f, = 85 Hz, (10)

Omax () < 0,, = 100 Mpa,
ti Z 7—'lower = 0'5 mm.

where t is the n-dimensional vector of the thickness variables of shell elements. m (t) is the objective
function, i.e., the mass of the fuel tank supporting component. f (t) is the fundamental frequency,
and f; is the minimum natural frequency required. o,,, (t) is the maximum stress, and o,, is the
allowable maximum stress. 7},,.. 1S the lower limit of the thickness variable ¢, and its value of 0.5 mm
adopted here, is the minimum dimension where most SLM equipment can steadily achieve without
much degradation of the mechanical property. The thickness of the thin-wall is extensively optimized
everywhere with the objective of minimum mass using Optistruct software.

Ty

)f bl §
Figure 4: Finite element model of the fuel tank supporting component

The optimized results show that the variable thickness varies from 0.5 to 1.8 mm, and the mass
of the fuel tank supporting component is 12.83 kg. The fundamental frequency is 86.1 Hz, and the
maximum stress is 80 MPa, as shown in Figs. 5b and 5c. To sufficiently assess the effectiveness of
the proposed design method, the comparison is conducted between the thin-walled structure with
lattice infill and its traditional frame-type one. As shown in Figs. 6a and 6b, the mass of the frame-
type structure is 15.4 kg. The fundamental frequency is 52.9 Hz, and the maximum stress is 70 MPa.
It can be viewed that although the maximum stress of thin-walled structure with lattice infill is
larger than that of the frame-type structure, its mass is reduced by 16.7%, and its fundamental
frequency is increased nearly over half. The mentioned-above discussions and analysis demonstrate the
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effectiveness of the proposed method and the ultimate performance of designed thin-walled structure

with lattice infill.
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Figure 5: Mechanical analysis of thin-walled lattice structure for the fuel tank supporting component
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Figure 6: Mechanical analysis of traditional frame-type structure for the fuel tank supporting

component

The apparent thin-wall is built with Pro/E software in accordance with the optimized results. The
joint structures for screws are built as solids to improve the local mechanical strength. The lattice infill
is filled in the internal enclosed space of the thin-wall. The resulting model to be fabricated using AM
technique is built by the merging the geometric models obtained in the former two processes as shown

in Fig. 7.
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Figure 7: Geometric modeling of fuel tank supporting component

5 Fabrication of Fuel Tank Supporting Component

AlSi10Mg alloy powder, with an average particle diameter of 30 um, is used to fabricate the bracket
via the SLM equipment (BLT-S600) supplied by BLT Company. The main process parameters are as
follows: laser power 200-300 W, scan speed 1000 mm/s—2000 mm/s, hatch spacing 0.15 mm-0.20 mm,
and layer thickness 30 pm. The SLM-fabricated structure is annealed at 200°C-300°C for 3 h to release
residual stress and enhance ductility properties. Before welding, the region to be welded is machined to
remove the oxide and impurities, in order to improve the welding quality and dimensional precision.
Cold metal transfer welding is used in this work because of its superiority in welding aluminum alloy
thin-wall structures with excessively small heat input. The width of welding lines ranges from 5 mm to
8 mm, and no sag in welding lines or other visible defects are found by X inspection. After the welding,
heat treatment is conducted to release the residual stress. Finally, the integrated structure is machined
at the interfaces between the fuel tank supporting component and fuel tanks or cylindrical shell of the
satellite to ensure the installation accuracy being superior to 0.1 mm. The SLM fabricated parts before
and after welding is shown in Fig. 8.

Integration
component

Figure 8: Photos of the SLM fabricated parts before and after welding
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6 Quasi-Static Mechanical and Vibration Experiments

Quasi-static mechanical tests are conducted to examine the mechanical strength of the fuel tank
supporting component. The schematic and photo of the test system are illustrated in Figs. 9a and 9b.
The fuel tank supporting component is connected to a cylindrical shell, which is an imitation of the
principal cylinder of the satellite and is fixed to the ground. Two circular steel disks with diameter of
507 mm are used as the imitation of two fuel tanks. Each circular disk is connected to the fuel tank
supporting component by 16 screws. Two loading beams are connected to the circular disks with a
hinge joint. Vertical (Z direction) and horizontal forces (X or Y direction) are simultaneously applied
to each disk by adjusting the angle between the loading beam and disk. The resultant force applied to
each beam is measured using a force sensor. The test procedure is shown in Table 1. The resultant force
of components in X and Z directions is loaded from 0 to 8791 N in 10 min. Then, the peak force is
held for 1 min. The force is unloaded from 8791 to 0 N in 10 min. The test procedure for the resultant
force of components in Y and Z directions is the same as that in X and Z directions. The vertical
displacement at the loading points and the internal edge of the fuel tank supporting component are
measured with four displacement sensors, as shown in Fig. 9c. The strain at 34 points, especially the
positions close to the welding lines and screws, are measured using strain rosettes. The positions of
the strain rosettes are shown in Fig. 9d. The strain rosettes on the top surface and that on the lower
surface of the fuel tank supporting component are 17.

Loading beam Clamped

Force sensor l !
Steel disc

Cylindrical shell

i

Displacement sensor /
(a) . .
i Displacement - Strain sensing
sensing positions __positions

(©) (d)

Figure 9: Experimental setup for uniaxial compressive tests (a) and (b), and schematic of displacement
and strain sensing positions (c) and (d)
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Table 1: Quasi-static mechanical test conditions

Procedure  Resultant force of componentsin X and Z  Resultant force of components in Y and Z

direction direction
Magnitude/N Time/min Magnitude/N Time/min
1 0-8791 10 0-8791 10
2 8791 1 8791 1
3 8791-0 10 8791-0 10

Besides the quasi-static mechanical tests, vibration experiments are also implemented to verify the
rationality of structure design and manufacturing process quality of the SLM and cold metal transfer
welding. The fuel tank supporting component is assembled to the principle cylinder of satellite by
screws. The entire satellite is exposed to the vibration loads in X (horizontal), Y (horizontal), and
Z. directions (vertical), respectively. The photo of the vibration test system is illustrated in Fig. 10a.
The acceleration of fuel tank supporting component is measured with three acceleration sensors. The
positions of three acceleration sensors are shown in Fig. 10b. The conditions of sinusoidal vibration
experiments are listed in Table 2.

Acceleration
monitoring positions

(b)

Figure 10: Photo of the installed fuel tank supporting component (a), and schematic of acceleration
monitoring positions for vibration experiments (b)

The frequency of the sinusoidal vibration is increased monotonically from 5 to 100 Hz. The
maximum magnitudes of the loads are 0.9 g (from 8 to 100 Hz) in the X or Y direction and 1.2 g (from
8 to 100 Hz) in the Z direction. However, the magnitude is decreased to 0.65 g from 54 to 87 Hz in the
X direction and from 71 to 84 Hz in the Y direction to avoid the strength failure of other equipment on
the satellite caused by local structural resonance, which is larger than the vibration magnitude during
real launching. The sweep rate of vibration is 2 Octave per minute, i.e., the frequency of the sinusoidal
vibration increased by quadruple in every minute.

7 Results and Discussion

The vertical displacements at the monitoring positions are plotted in Fig. 11. It can be seen that
the displacement increases as the loading force increases. The maximum displacement is 2.65 mm. The
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displacement decreases as the unloading force decreases. The residual displacement is 0 mm~0.15 mm,
which is small enough to be neglected for large structures with assembling stress. It should be noted that
no “instant displacement/force drop” phenomenon occurs during the loading and unloading process,
indicating that no fracture occurs in the fuel tank supporting component.

Table 2: Vibration tests conditions

X direction Y direction Z direction

Frequency Magnitude  Frequency Magnitude  Frequency Magnitude

5-8Hz 3.5mm 5-8Hz 3.5mm 5-8Hz 4.66 mm (0-p)
(0-p) (0-p)
8-54Hz 09g 8—71Hz 09¢g 8-100 Hz 1.2¢g
54-87Hz 0.65¢g 71-84 Hz 0.65¢g
87-100 Hz 09¢g 84-100 Hz 09¢g
Sweep rate 2 Oct/min Sweep rate 2 Oct/min Sweep rate 2 Oct/min
a
@
25 PD.int D1
3 ~Point D4
E 20
c
2 14
3 //
a 1.0 Point D2 /
= Point D3
0.5
0. 2 4 6 8 10 12 14 16 18 20
Loading/unloading step
(b)
3.
— -8 _ Point D1
g 20 Point D4
c
2 15
@ ]
(&] 7
2 19 point 02’/
2 Point D3/
0.5
0.

2 4 6 8 10 12 14 16 18 20
Loading/unloading Step

Figure 11: Displacement results of quasi-static mechanical tests
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The strains measured at different positions of the fuel tank supporting component are plotted
in Fig. 12. The strain increases when the loading force increases, and decreases when the unloading
force decreases. It agrees well with the variation tendency of the displacement. The maximum strain
is 390 pe, and the residual strain is 0~45 pe. The maximum stress and residual stress can be estimated
by the strain multiplied by the elastic modulus of the AlSil0Mg thin-walled structure, i.e., about
60 GPa. The maximum stress and residual stress are estimated to be 23.4 and 2.7 MPa, respectively.
The stresses are far below the yield strength of AlISi10Mg, which is approximately 160 MPa. The strain
measurement results of quasi-static mechanical tests verify the elastic deformation of the fuel tank
supporting component. That is to say, the fuel tank supporting component has not been damaged
during the quasi-static mechanical tests.
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Figure 12: Strain results of quasi-static mechanical tests

The acceleration response monitored in the X, Y and Z direction are plotted in Fig. 13. It can
be seen that the Z directional sinusoidal vibration loads stimulate the first order structural resonance
of the fuel tank supporting component at the frequency of 80.8 Hz. The value is smaller than the
calculated value 86.1 Hz. This finding is mainly because the real boundary condition of the fuel tank
supporting component is unideal clamped boundary due to the flexibility of the cylindrical shell, fuel
tanks and other parts of satellite. The maximum acceleration responses in the X, Y and Z direction
are 3.5, 3.8, and 5.4 g, respectively.
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Figure 13: Acceleration response monitored in X direction (a), Y direction (b) and Z direction (c)

Low-magnitude vibration excitation is applied to the satellite before and after vibration exper-
iments to examine whether the resonant frequencies are altered for the structural degradation or
not [1,40], considering that the resonant frequencies can be changed as a result of structural failure
or damage [41]. The low-magnitude vibration excitation is 0.1 g, which increases from 5 to 100 Hz
monotonously at a sweep rate of 4 Oct/min. The acceleration responses monitored by the sensors
are plotted in Fig. 14. The acceleration response stimulated by low-magnitude vibration excitation
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before and after vibration experiments almost overlap with each other, in spite of small discrepancy
that usually resulted from the variation in assembly stress of the assembly containing structural parts
and connections. Therefore, it is justifiable to conclude that the fuel tank supporting component
fabricated through SLM has not been damaged during the high-magnitude vibration tests, and there is
no structural fracture or plastic deformation found. That is to say, the fuel tank supporting component
made of thin-wall and lattice infill manufactured by the SLM technique could sustain the vibration

during the rocket launching.
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8 Conclusions

To summarize, the largest known thin-walled structure with lattice infill with the diameter of
1.255mis designed and fabricated through SLM technique and cold metal transfer welding. The struc-
ture is used as the fuel tank supporting component of the satellite. Quasi-static mechanical tests and
vibration tests verify the strength of the fuel tank supporting component. The recovery deformation
in quasi-static mechanical tests and unaltered resonance frequencies in vibration tests confirm that
no structural failure occurs during the mechanical experiments. The design and verification approach
presented in this work can benefit the application of large scale thin-walled structures with lattice infill
used as fuel tank supporting components in the aerospace field and others.
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