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Multifunctional structures (MFSs) integrate diverse functions to achieve superior properties. However,
conventional design and manufacturing methods—which generally lack quality control and largely
depend on complex equipment with multiple stations to achieve the integration of distinct materials
and devices—are unable to satisfy the requirements of MFS applications in emerging industries such as
aerospace engineering. Motivated by the concept of design for manufacturing, we adopt a layer regula-
tion method with an established optimization model to design typical MFSs with load-bearing, electric,
heat-conduction, and radiation-shielding functions. A high-temperature in situ additive manufacturing
(AM) technology is developed to print various metallic wires or carbon fiber-reinforced high-melting-
point polyetheretherketone (PEEK) composites. It is found that the MFS, despite its low mass, exceeds
the stiffness of the PEEK substrate by 21.5%. The embedded electrics remain functional after the elastic
deformation stage. Compared with those of the PEEK substrate, the equivalent thermal conductivity of
the MFS beneath the central heat source area is enhanced by 568.0%, and the radiation shielding is
improved by 27.9%. Moreover, a satellite prototype with diverse MFSs is rapidly constructed as an illus-
tration. This work provides a systematic approach for high-performance design and advanced manufac-
turing, which exhibits considerable prospects for both the function expansion and performance

enhancement of industrial equipment.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The use of multifunctional structures (MFSs)—which integrate a
wide array of functional capabilities such as load-bearing [1], elec-
tric [2], and thermal-conductivity [3] capacities in one structure—
can prevent the need for most bolted mechanical interfaces and
reduce the volume of the total system. Thus, MFSs offer excellent
prospects for industries such as aerospace, aviation, and intelligent
equipment [4-7]. For example, satellite structures, which perform
multiple functions in addition to supporting payloads and subsys-
tems at different stages of spacecraft life, can be classified as MFSs
to some extent [8,9]. Such structures should provide heat conduc-
tion to allow heat sources to dissipate heat, ensure connections for
electronic devices, and help protect devices from cosmic environ-
mental damage (e.g., radiation shielding) [10]. In particular,
nano-satellites are subject to size restrictions, so developing MFSs
that can effectively solve the contradiction between a tiny volume
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and rich contents is of great interest for the aerospace industry
[11,12].

There are two important steps in developing an excellent MFS:
design and manufacturing [13]. Compared with a single structural
part, however, an MFS involves the integration of multiple compo-
nents, as it requires containers for the subsystem hardware,
mechanical interfaces, frames, bulky wire harnesses, and so forth
[8]. Therefore, it is complicated to design and manufacture an
MFS in response to various requirements. Diverse-function-
integration design and subsequent convenient manufacturing play
a vital role in driving the evolution of MFS technology and promot-
ing its widespread applications [14,15].

The design of an MFS must consider the reasonable layout of dif-
ferent functions in a single structure within a limited space.
Research has been carried out to determine the design of various
functional components in order to maximize space utilization
[9,11,16,17]. For example, Ikeya et al. [9] employed MFSs in nano-
satellites and achieved a highly compact layout by stitching wire
fibers and gluing solar cells and antennas to the membrane surface.
The structure offered innovative insights into space systems by
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utilizing deployable membranes to achieve array antennas and solar
array integration. Galos et al. [16] directly embedded LiPo batteries
into sandwich composites to save space. The researchers found that
MFS design can simultaneously achieve the two functions of load
bearing and energy storage. However, these representative works
lacked mass control despite achieving a compact arrangement of
volume, and even added a significant quantity to the total mass,
because the density of embedded functional devices is often higher
than that of the substrates, which is a disadvantage in aerospace
applications. In addition, more applicable and richer categories of
functions should be designed and contained to make MFSs suitable
for complex space environments. The concept of design for additive
manufacturing (DfAM) can be referenced to include more function
types by means of layer regulation conforming to manufacturing
features [18,19]. On this basis, establishing an optimization model
that balances multifunctional quantitative description with struc-
tural volume and mass is necessary. Unfortunately, existing opti-
mization models—which tend to focus on structural parts and
their mechanical properties—cannot be used to strike a balance
between different functional components in terms of location distri-
bution and performance compromise within a limited volume.

The integration of independent functional components within a
single structure increases not only the design difficulty but also the
fabrication complexity [20,21]. Additive manufacturing (AM), also
known as three-dimensional (3D) printing, is an efficient and flexi-
ble method for manufacturing complex MFSs [22-27]. Based on
the rapid prototyping of complex shapes with layer-by-layer build-
ing, composite printing technologies are constantly developing
with growing performance requirements. For satellite structures,
Espalin et al. [28] and MacDonald et al. [29] employed a thermal-
assisted technology to submerge copper wires into polymer sub-
strates in order to print metallic circuits. They found that metallic
wires showed better robustness than conductive inks. Neverthe-
less, extra heating effects can easily change the polymer morphol-
ogy as well as the mechanical properties. Moreover, traditional
fabrication methods require multiple processes and stations but
can only print resin or metals at one time [30]. Thus, developing
an in situ fabrication method to produce one structure with multi-
ple functions is attractive, because it can greatly reduce the pro-
cessing errors caused by conversion among different stations and
improve fabrication efficiency [31]. However, simultaneously
printing multiple materials such as polymers and metals for func-
tional devices remains challenging, as the exclusive morphologies
and properties of distinct materials correspond to different pro-
cessing conditions [32]. In particular, high-temperature printing
technology is desirable for fabricating MFSs for satellite structures
in order to soften the materials, which include metal and high
melting-point polymers such as polyetheretherketone (PEEK).
However, PEEK exhibits inferior printability, even though it has
excellent comprehensive properties that meet stringent environ-
mental testing standards [33-36].

As can be seen from this literature review, developing MFSs that
can achieve powerful function integration and significant perfor-
mance improvement is of particular interest to the aerospace
industry. Unfortunately, it is challenging to adopt a systematic
approach to design and manufacture such MFSs to meet diverse
deployment scenarios. Existing MFS designs generally ignore mass
control and even inadvertently increase the overall mass by
embedding functional devices with a higher density into the sub-
strates. Moreover, conventional MFS manufacturing methods usu-
ally require additional equipment and multiple stations to assist in
collaboration, as the applied single printers can only fabricate
either resin or metal at one time. In particular, to the best of our
knowledge, no study has considered a high-temperature in situ
printing technology that simultaneously combines resin and metal
for fabricating MFSs.
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The objective of this work is to address the abovementioned
issues related to MFSs. First, a typical panel structure is designed
based on layer regulation and multifunctional optimization to
incorporate the diverse functions of load bearing, electronics, heat
conduction, and radiation protection. The MFSs are subsequently
manufactured in situ by the developed high-temperature coaxial
extrusion equipment, according to a detailed process and path
planning. Then, the performances of the fabricated MFSs are sys-
tematically investigated through a combination of experiments
and simulations. Furthermore, following the proposed feasible
technical route, a satellite prototype is constructed as an illustra-
tion by assembling different MFSs embedded with various modules
(e.g., sensing and communication).

2. Concept and design

The panel structure is a typical basic unit of advanced equip-
ment. Here, satellites are taken as an illustration, and an MFS panel
for satellite applications is depicted in Fig. 1(a). In addition to hav-
ing its own independent functional systems, the MFS panel can
also interact with other MFSs through the interface to form a com-
plete satellite. The design and rapid fabrication of MFSs offer the
possibility of reconstructing large satellites in orbit and providing
space maintenance for damaged spacecraft.

The design of the MFS is based on the layer-by-layer nature of
AM; it includes a layout with different layer types and the determi-
nation of specific design parameters. The layout of the MFS is
shown in Fig. 1(b). To limit the weight as the functions increase,
a sandwich structure is adopted for the MFS panel. The panel
(overall size: 120.0 mm x 120.0 mm x 9.5 mm) integrates the
functions of load bearing, electrics, heat conduction, and radiation
protection, according to an aerospace application. The lowest lay-
ers (corresponding to the outermost layers after assembly) are
PEEK composites with woven aluminum wires, which are intended
to improve the mechanical properties, radiation resistance, and
heat-dissipation coefficient of the PEEK substrate. Adjacent to the
outermost layers, the sandwich core is reinforced with carbon fiber
(CF) for strength enhancement and weight reduction. The center
space in the core is filled with four aluminum blocks to transmit
heat directly from the upper layers to the lower layers. The core
is covered by a CF-reinforced polymer (CFRP) coating layer. After
sealing the core, the copper wires and chips are laid out. Copper
gaskets are placed at the ends of circuit wires to expand the con-
ductive contact area. A silicone sheet with thermal conduction
and electrical insulation is placed between the aluminum blocks
and controller. Finally, the upper layers of the circuit are encapsu-
lated with pure PEEK resin.

The MFS panel is divided into five types of layers according to
the components, as shown in Fig. 1(b). With the given overall lay-
out, the design parameters for the layer thickness distribution
must be determined to ensure that the MFS exhibits excellent per-
formance with a combination of load bearing, electronics, heat
conduction, and radiation shielding. Thus, the optimization objec-
tive can be expressed as follows:

maxFyx, = [Mx),Lx),Hx),R
max Fo = [Mu, Lo, Hoo, Rex ]

(M)

where the objective function F) represents the performance
related to mechanical properties Mx), electricity Lx), heat conduc-
tion Hxy, and radiation shielding Rix); X = [X1,X2,X3,X4,Xs] is the
design variable; n is the subscript of the element in X; and N* rep-
resents the positive integer.

The different function indexes Mx), Lx), Hx), and Rx) represent
the relative performance improvement of the corresponding func-
tion compared with the pure PEEK structure, and representative
indicators are selected. Combined with constraints, the
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Fig. 1. Description and concept of the MFS. (a) Concept design of the MFS in aerospace, where a single MFS design, manufacturing, and diverse panel assembly constitute the
satellite; (b) functional configuration and structural explosion diagram of the MFS, where numbers 1-5 indicate the type order of functional layers (descriptions are listed in
Table 2); (c) description of the MFS process design. I/O: input/output; CF: carbon fiber; A-A represents central-section.

optimization process is presented by Egs. (51)-(S24) in Appendix A.
By applying a genetic algorithm and convergence analysis, the
thickness of each layer type can be determined to be 1.5, 4.0, 0.5,
0.5, and 3.0 mm, as shown in Table 1.

As illustrated in Fig. 1(c), the process design provides a guide for
subsequent fabrication. The composite layers with aluminum wire
mesh at the bottom are printed first, as shown in (i) in Fig. 1(c). The
printing directions of the adjacent layers are perpendicular to each
other to form a weaving effect. Then the continuous filler of alu-
minum wire is replaced with CF (1K, T300, Toray Corp., Japan).
The honeycomb core is printed, and four aluminum blocks are
placed in the center space of the core, as shown in (ii) in Fig. 1(c).
After the core is completed, a CFRP coating layer is fabricated to

63

cover the core with hanging printing due to the tension of the con-
tinuous fiber and the viscosity of the PEEK. One pure PEEK layer is
subsequently printed on the CFRP coating, and a designed groove is
reserved for the silicone sheet and circuit, as shown in (iii) in
Fig. 1(c). A copper wire reinforced filament is printed and filled into
the groove, and copper gaskets are placed at the ends of the copper
wire, as shown in (iv) in Fig. 1(c). Next, the pure resin is extruded
as a coating, and a control system is inserted. An Arduino Nano—a
board containing microprocessors and controllers—is used here as
a representative controller system. The board pins are placed in
contact with the copper gaskets to transmit signals to the outside,
as shown in (v) in Fig. 1(c). Finally, the interfaces and sockets
are plugged in to establish a connection between the internal
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Table 1
Design description and parameters of printed layers in the MFS.
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Layer type Components Thickness Function Path planning
order (mm)
1 Aluminum, 1.5 Improvement in stiffness, radiation resistance, and heat Continuous zigzag path
PEEK dissipation
2 CF, PEEK 4.0 Weight reduction and strength enhancement Continuous crossing path
3 CF, PEEK 0.5 Core cover Continuous zigzag path
4 Copper, PEEK 0.5 Electric signal transmission DQN reinforcement learning and zigzag
path
5 PEEK 3.0 Encapsulation and insulation Continuous zigzag path

DQN: deep Q network.

embedded circuits and the external connectors. A cover printed
according to the controller shape is put on. This completes the
in situ fabrication of the MFS, as shown in (vi) in Fig. 1(c).

3. Research method
3.1. Mechanical and electrical testing

Panel structures are vulnerable to bending loads. A quasi-static
loading with a low-speed head (i.e., 5 mm-min~') was applied to
the MFS by a universal testing machine (AG-X plus, Shimadzu,
Japan), as shown in Fig. S1 in Appendix A. In the experiments,
the embedded controller was programmed to send signals to the
externally connected device through the printed circuit to verify
the operation of the integrated electrical function. In addition, a
megohmmeter (1000 V, 1000 MQ) was used to measure the insu-
lation and leakage between the MFS substrate and the internal cir-
cuit, as illustrated in Fig. S2 in Appendix A.

Dynamics tests for modal analysis were applied via impact
hammer tests, as shown in Fig. S1(b) in Appendix A. There are 64
equidistant sampling points on the MFS panel, and each point
was struck with an impulse impact hammer (9724A5000, Kistler,
Switzerland) until at least five effective knocks were made. The
accelerometer attached to the suspended panel imported the
vibration data into the LMS Test Lab platform for analysis.

3.2. Thermal analysis

The heat transfer process of the MFS was investigated by
employing the finite-element method (FEM). The parts were
meshed using DC3D8 elements. The thermal properties were mea-
sured using a laser flash analyzer (LFA467, NETZSCH, Germany)
and a thermal dilatometer (DIL 402 Expedis, NETZSCH). The prop-
erties obtained at room temperature (25 °C) are summarized in
Table 2. In addition to room temperature, the thermal properties
of the printed materials were measured at temperatures from
—55 to 125 °C at intervals of 30 °C (Fig. S3 in Appendix A), with
the relative humidity controlled below 45%. Here, the properties
of the extruded filament are simplified as transverse isotropy.

3.3. Radiation-shielding calculation

The Stopping and Range of lons in Matter (SRIM) program based
on the Monte Carlo method was applied to simulate the radiation
shielding of the MFS implanted with protons [37]. After verifying
the applied calculation program (Fig. S4 in Appendix A), 5000 pro-
tons with 35 MeV (1 eV = 1.602 x 10~'°) were implanted into the
central area of the MFS and PEEK panels at an incident angle of 0
from the outside, respectively. The tracks of the proton implanta-
tion, along with the panel thickness and the relevant damage, were
calculated and analyzed.

4. Manufacturing process

The equipment for MFS manufacturing is shown in Fig. 2(a). The
use of an insulation cavity to control the printing environment
temperature is a key factor to ensure the formation quality. As
shown in the schematic in Fig. 2(b), the printing system inside
the cavity was developed to print the polymer and other
reinforcements—including CF or metal wires—simultaneously.
However, the high temperature during printing will impair the
protective sizing agent of the fiber coating, and the CFs are easily
scrapped and cut off when they slide over the corners and sharp
inner walls of the printing head. Moreover, the larger cross-
sectional area of the metal wire takes up more space at the nozzle
than the soft CF, which leads to an increase in the chamber pres-
sure that drives the molten resin to flow back along the gap
between the filament and the feeding tubes. These issues are
demonstrated and addressed in Eqgs. (S25)-(S35) in Appendix A.
The printing head was machined based on the coaxial extrusion
principle. The PEEK resin and continuous fillers enter through
two inlets and are then extruded from one nozzle, according to
the coaxial design. The diameters of the filler inlet (in the form
of a concentric tube) and nozzle can be varied within 0.5-0.8 and
1.0-1.5 mm, respectively. Proportional-integral-derivative (PID)
control was adopted for the temperature control of the printing
head, with a heating temperature of up to 500 °C.

As the designed MFS involved a variety of composites and the
developed printing equipment applies different printing processes,

Table 2
Mechanical and thermal properties of the materials in the MFS measured at 25 °C.
Extruded materials Poisson’s ratio Young's modulus (GPa) Thermal conductivity (W-m~'-K™!) Specific heat capacity (J-g 1K)
PEEK 037 3.1100 0.25 1.52
Aluminum composite 0.31 (longitudinal) 4.6500 (longitudinal) 0.29 1.40
0.35 (transverse) 3.4100 (transverse)
CF composite 0.28 (longitudinal) 5.2600 (longitudinal) 0.26 141
0.34 (transverse) 3.0200 (transverse)
Copper composite 0.30 (longitudinal) 4.8900 (longitudinal) 0.32 1.36
0.34 (transverse) 3.1500 (transverse)
Silicon sheet 0.44 0.0035 8.00 1.20
Aluminum block 0.33 68.0000 220.00 0.88
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Fig. 2. MFS manufacturing equipment and process. (a) Manufacturing equipment; (b) schematic of the printing system; (c) in situ manufacturing process of the MFS
corresponding to the process design shown in Fig. 1(c), where D is a zigzag path, @ is a crossing path, and @ is a path generated by DQN. PID: proportional-integral-

derivative.

it was difficult to use existing commercial or open-source slicing
software to directly generate suitable printing paths. Therefore,
we applied customized printing paths to adapt to the design and
assist manufacturing, as demonstrated in Fig. S5 in Appendix A.
Following the guidance of the path planning and process design,
the MFS fabrication is shown in Fig. 2(c). The fabrication process
parameters are shown in Table 3. It was found that the porosity
of the composites was reduced and was lower than that of the pure
PEEK samples. This finding can be attributed to the fact that the
filling of the reinforcements results in an increase in the pressure
of material extrusion, which makes the fabricated structure denser.
The final average mass of the fabricated MFSs was 160.9 g, which
was slightly less than that of the pure PEEK panels (i.e., 162.5 g).
The continuous fillers—including aluminum, copper wire, and
CF—were successfully extruded in the composite filaments. In

comparison with traditional subtractive manufacturing and the
emerging multi-process manufacturing for MFSs in Refs. [29,30],
only one-step AM was implemented here. A comparison of the
manufacturing processes used herein with those used in Ref. [30] is
shown in Fig. 3. It should be noted that coaxial extrusion technol-
ogy was initially employed to fabricate the soft fiber-reinforced
polymer based on conventional thermoplastics, such as polylactic
acid (PLA) [38-40] and acrylonitrile-butadiene-styrene (ABS)
[41,42], but the metallic wires often could not be embedded
because it was difficult to bend the stiff wires and extrude them
with the liquid resin. However, the processing temperature (420
°C) for PEEK printing is approximately double (or even more) that
of conventional thermoplastics [43-45], which consequently facil-
itated the softening of the metallic wires. Moreover, the molten
PEEK resin has high viscosity, making it easy to stick and fix the

Table 3

Fabrication process parameters and obtained material porosities of different extruded filaments.
Extruded materials Printing speed (mm-min~") Nozzle temperature (°C) Average layer thickness (mm) Porosity
PEEK 300 410 0.5 8.6%
Aluminum composite 250 420 0.5 2.7%
Copper composite 200 420 0.5 1.5%
CF composite 300 410 0.5 5.2%
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Fig. 3. Fabrication process of polymer composites with embedded metal wire.
(a) Two-step fabrication using different equipment in Ref. [30]; (b) one-step high-
temperature printing using a developed setup in this work. FDM: fused deposition
modeling.
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resin to the wire. The composite filament composed of a metal core
and PEEK coating is an ideal material for the MFS. A comparison of
the fabrication processes is provided in Table 4 [30,46,47]. The
developed manufacturing equipment can not only simplify the fab-
rication process but also produce metal wires with large diameters
and diverse types.

5. Results and discussion
5.1. Performance evaluation

5.1.1. Mechanical and electrical response
5.1.1.1. Quasi-static loading. As described in Section 4, the fabri-
cated MFS panel was subjected to quasi-static loading with a
low-speed head. The representative deformation and damage
behaviors of the MFS panel at different stages are shown in
Fig. 4(a). The embedded Arduino was powered and initially oper-
ated with the red light on. The input/output (I/O) interfaces of
the panel are connected to an external green light-emitting diode
(LED), and the controller in the panel sends signals to cause this
LED to glow. The excellent insulation between the MFS substrate
and the circuits was verified using a megohmmeter; the device’s
pointer was at the infinity position, indicating no current leakage.
As shown in (i) and (ii) in Fig. 4(a), the light status demonstrates
the effectiveness of the fabricated electronics in the MFS. With the
loading progress at approximately 2 min, the MFS bends and
distinct delamination could be observed, as shown in (iii) in
Fig. 4(a). The external signal LED was off, while the light of the
embedded Arduino was on. The strength of the layer-stacking
direction is much lower than that of the other two in-plane direc-
tions, as shown in Fig. S6 in Appendix A. This is the main reason for
delamination during structural deformation and failure. MFS
delamination leads to inadequate contact between the wires and
gaskets, and a large deformation can even lead to circuit fracture;

Engineering 28 (2023) 61-71

both of these issues may result in signal interruption of the exter-
nal LED. However, the Arduino continued to function because of
the soft silicone cushion and the hard aluminum block support
under the board. At 2 min and 40 s, the MFS experienced substan-
tial bending and delamination, and the Arduino stopped function-
ing, as shown in (iv) in Fig. 4(a).

The force-displacement curve during loading is shown in
Fig. 4(b); the figure also includes the PEEK curve for comparison.
The average stiffness (i.e., the slope of the line between the maxi-
mum point and origin) of the MFS is approximately 21.5% higher
than that of the PEEK structure. This difference is attributed to
the filler reinforcement of metal wires and CFs. However, it is easy
for the heterogeneous layers and various embedding components
to cause damage initiation and delamination; thus, the maximum
load of the MFS is lower than that of PEEK. After reaching the max-
imum, the downward trend of the MFS curve is slower than that of
PEEK. The parameter specific energy absorption (SEA) can be used
to characterize the process, where SEA is defined as the ratio of
absorbed energy to mass during the loading process. It is expressed
as follows:
Ea

SEA = (2)

I

Ex — / P(5)ds 3)
0

where m is the mass of the structure; P(d) is the load corresponding

to the displacement §; [ is the final displacement; and E, is the

energy absorbed.

Fig. 4(c) compares the maximum load and SEA of MFS and PEEK.
Despite having a lower maximum load than PEEK, the MFS has bet-
ter energy-absorption properties. Considering the aeronautical
zero-gravity environment, the demand for load-bearing capacity
is reduced. The higher energy absorption of MFS is ascribed to
the combination of diverse energy-dissipation mechanisms, such
as interfacial slip between filler and resin, fracture of the reinforced
composites, and layer delamination. The interaction of different
mechanisms is also reflected in the fluctuation of the MFS curve
in Fig. 4(b) during the damage process. Moreover, the elastic defor-
mation of the MFS occurs within a displacement of 4.75 mm (at
57 s). Considering the LED status at 60 s in (ii) in Fig. 4(a), the elec-
tronics can continue to work after the end of the elastic deforma-
tion stage.

5.1.1.2. Dynamics analysis. According to the acceleration data
obtained through impact hammer tests, the vibration amplitudes
of sampling points on the panel are accumulated. The structural
response curves at different frequencies are obtained, as shown
in Fig. 4(d). Compared with the curve of the PEEK panel, the MFS
curve exhibits more fluctuations. As suggested by the damage
behaviors of the MFS in the quasi-static tests, the adhesion of lay-
ers may be inferred to be weak, and various functional components
in each layer produce their own vibration response instead of

Table 4
Comparison of fabrication processes of a polymer substrate with embedded wire.
Required basic steps  Equipment Embedded wire diameter (mm) Substrate and printing temperature  Ref.
One High-temperature coaxial extrusion 0.400 (copper) PEEK (~420 °C) This work
equipment 0.500 (aluminum)
Two Stratasys uPrint SE plus, wire 0.290 (copper) ABS (< 230 °C) Kim et al. [46]
heating and embedding tool
Two Stratasys Fortus 400mc, 0.127 (copper) Polycarbonate (< 350 °C) MacDonald et al. [30]
ultrasonic embedding gantry
Two FFF printer, wire embedding tool 0.320 (copper) ABS (< 350 °C) Kim et al. [47]
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Fig. 4. Mechanical property analysis and embedded circuit verification. (a) Deformation behaviors of MFS under a quasi-static load and working state indication of embedded
electronics; (b) force-displacement curves during the loading process; (c) maximum load and energy-absorption comparisons; (d) dynamic responses of amplitude-
frequency curves; (e) first four natural frequencies and modes (f;—fa).

showing a harmonious overall structural response similar to that of The first four resonance frequencies of the panels were obtained
the pure PEEK structure. The PEEK curve clearly fluctuates and has according to a modal shape analysis at different peaks, as shown in
prominent peaks, especially in the second and third orders. Fig. 4(e). The device embedment and material distribution change
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the vibration characteristics. The first two frequencies of the MFS
(i.e., 267 and 655 Hz) are lower than those of pure PEEK (409
and 720 Hz, respectively), whereas the third and fourth natural
frequencies of the MFS (1037 and 1384 Hz) slightly exceed those
of pure PEEK (958 and 1306 Hz, respectively). For aerospace appli-
cations, the dynamics of structures must satisfy the vibration
requirements. According to consulted reference standards
[48,49], the MFS frequencies satisfy all requirements.

5.1.2. Heat conduction

The equivalent thermal conductivity of the MFS beneath the
controller was measured using a laser flash analyzer. For compar-
ison, the thermal conductivity of the printed PEEK panel was mea-
sured to be 0.25 W-m .K!, whereas the equivalent thermal
conductivity of the MFS along the thickness direction is
1.67 W-m K~ '. Despite the impairing and weakening of the inter-
faces among different components in the MFS, the equivalent ther-
mal conductivity of the MFS was found to be increased by 568%
compared with that of the PEEK structure. This improvement is
essential for heat to transfer from the inside to the outside along
the thickness direction.

To clearly analyze the heat conduction process, a finite-element
model was established, as shown in Fig. 5(a). The radiative heat
dissipation of the structures was included, and the surface radia-
tion emissivity was set to 0.95 [50]. For observation convenience,
the half part cut off by the central section, A-A, was illuminated.
Heat is transferred from the upper layers to the lower layers and
then radiates to the environment. In the initial state, the heat
source in the center of the upper layers was set to 200 °C, which
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is within the PEEK substrate operating temperature; the ambient
temperature under the lower layers was set to —50 °C. Fig. 5(b)
displays the structural temperature fields at representative times
(0.5,2.0, 8.0, and 32.0 s). The heat transfer rate along the transverse
direction in the MFS is lower than that along the thickness
direction. Thus, the MFS design benefits the heat conduction and
dissipation of the embedded controller in the central area.

The temperature values of element points from point O to point
D were output, as shown in Figs. 5(c) and (d). The MFS curve tends
to flatten with time, and the temperature values at 32 s are rela-
tively consistent. In contrast, the temperature gradient in the PEEK
panel remains high. As heat radiates into space, the curves will
eventually fall to the —50 °C line. Due to the improved thermal
conductivity, heat is quickly and evenly distributed in the MFS,
which may prevent the deterioration of material properties caused
by heat concentration.

5.1.3. Radiation shielding

The MFS panel was designed to provide enhanced protection
capability to prevent the exposure of internal electronics to space
irradiation. A large number of protons exist in near-earth orbits
[51]. Calculated using the SRIM program, the results of the proton
track along the thickness direction are shown in Fig. 6; the red dots
in Figs. 6(a) and (d) represent the positions where the protons
finally stop. The average implantation depth is defined as the aver-
age thickness of all ions passing through the panel, and the corre-
sponding values for the MFS and PEEK panels are 6.74 and
9.35 mm, respectively. Although the PEEK material is suitable for
aerospace applications and can absorb radiation energy through
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Fig. 5. Thermal analysis of MFS. (a) Finite-element model of MFS; (b) temperature field distributions of half panels at representative times; (c) temperature values of MFS
along the thicknesses O-D; (d) temperature values of PEEK corresponding to the same position for comparison. BC: boundary condition.
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Fig. 6. Radiation-shielding analysis. (a) Tracks of proton implantation along the MFS thickness; (b) ionization damage with energy loss during proton implantation in MFS;
(c) displacement damage during proton implantation in MFS; (d-f) corresponding analysis of the PEEK panel. 1 A = 1071 m.

delocalization of the conjugated 1 bond in the benzene ring, the
MFS design further reduces the ion implantation depth by approxi-
mately 27.9%.

The ion implantation depth is affected by the target material. If
the excitation process of electrons and atoms is assumed to be irrel-
evant, the implantation depth D can be expressed as follows [52]:

D D
D— / dE _ 1 / dE (4)
o dE/dx p Jo Sa(E)+Se(E)
where E is the energy loss during ion implantation; x is the integra-
tion variable of implantation depth; p is the target material density;
and S,(E) and Se(E) are the blocking cross-sections of the target
nucleus and electron, respectively.

Because of the blocking of the target nucleus and electron, the
ion collides with the nucleus and electron, causing ionization and
displacement damage. lonization damage will impair the embed-
ded electronic devices; the energy loss caused by ionization is
shown in Figs. 6(b) and (e). The embedding of the aluminum block
leads to great ion energy loss in the ionization damage. Figs. 6(c)
and (f) show the displacement damage distribution in the target
material. The displacement damage causes the target atom to leave
its original position and move to other polymer chains and lattices,
causing degradation of the material properties. This damage is
equal to the sum of vacancies and replacement collisions. The
vacancies resulting from direct ion collision are the main form of
displacement damage in both the PEEK and MFS panels.

5.2. Application in satellite operation

The processes of environment detection, communication, and
data transmission are the main working flow of satellites, as shown
in Fig. 7(a), and require different modules to perform tasks in coope-
ration. In this work, due to the difficulty of in-orbit manufacturing
and testing, we simplify the satellite assembly and function

69

verification. Representative modules, such as sensor detection,
wireless data transmission, and energy self-supply, are all included.

Diverse MFS modules were designed, as shown in Fig. 7(b). The
data detected by sensor DHT11 in the sensor system were trans-
mitted to the Arduino Nano microcontroller unit (MCU) in the con-
trol system. The communication microchip in the transmission
system uploads the data to the accessed network based on the IEEE
802.11 protocol. Two power modules in the power systems supply
energy to the entire system, and one redundant panel is integrated
with interfaces for connecting the main load.

The MFS panels can be rapidly manufactured according to the
design (Fig. S7 in Appendix A). Separate MFS panels were assem-
bled into a cubic satellite prototype by applying plug-and-play
(PnP) mechanisms using a robotic arm, as shown in Fig. 7(c). The
panels were connected via the exposed interface and enable the
remote monitoring of environmental changes such as temperature
and humidity. Status data were detected and uploaded to the cloud
by the satellite prototype. Humidification, heating, and drying
were applied to induce status changes in the environment. A com-
puter was employed to monitor the status by accessing the cloud
network, and data changes in the environment were successfully
received in real time, as shown in Fig. 7(d).

The embedded sensors and controllers can be replaced with
aerospace-grade products in future applications, which would
not add superfluous difficulties to the design and manufacturing.
The technology route of on-demand MFS design and manufactur-
ing with advanced materials could serve maintainable space mis-
sions. During long-term missions, rapid satellite assembly is
expected. Damaged parts in satellites and spacecraft swarms can
also be replaced with printed MFS panels. Thus, the proposed
design concept and printing technology will lead to an improve-
ment in service life and a reduction in maintenance costs under
extreme and complex environments by simplifying the painstaking
construction process.
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Fig. 7. Satellite prototype design, assembly, and functional verification. (a) Schematic of the function description of a satellite; (b) unfolded design of a satellite prototype and
the connections of diverse MFS panels; (c) assembly of satellite prototypes using a robotic arm based on plug-and-play (PnP) mechanisms; (d) detected and received status

data of the environment.

6. Conclusions

In this work, we developed a systematic method to design and
manufacture customized MFSs, thereby promoting their applica-
tion in cutting-edge fields. Motivated by the concept of design
for manufacturing, we adopted layer regulation to design typical
MFSs and then established an optimization model to determine
the structural parameters. A high-temperature in situ AM technol-
ogy was developed to print various metal wires or CF-reinforced
high-melting-point PEEK composites. In addition, path-planning
strategies including a deep Q network (DQN) model and conven-
tional filling rules were implemented for different design areas in
the MFS.

The designed and manufactured MFSs not only have diverse
functional integration but also contain various performance
enhancements of relevant properties. Under bending loads, the
stiffness of the MFS is 21.5% higher than that of a pure PEEK sub-
strate but with a lower mass. The first natural frequency of the
MES is greater than 200 Hz, which satisfies the frequency con-
straints of known launch vehicles. The embedded electrics in the
MFS remain functional even after structural elastic deformation
during the loading process. The equivalent thermal conductivity

of the MFSs beneath the central heat source is increased by
568%, and the shielding ability against proton radiation is
improved by 27.9%, compared with those of PEEK substrates.

The technical route for design and manufacturing proposed
herein demonstrates a feasible way to rapidly constitute a variety
of MFSs to satisfy specific requirements. As an illustration, MFSs
embedded with diverse modules were assembled into a satellite
prototype that successfully transmitted the detected data to the
cloud through MFSs’ collaboration. The outcomes of this work
exemplify the possibility of effectively achieving customizable
MFSs with remarkable qualities, providing a huge potential impe-
tus for high-performance design and advanced manufacturing.
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