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Abstract—This paper introduces the design and analysis of a 

small-size coaxial resonant applicator for high-speed microwave 

heating assisted additive manufacturing of multiple materials, 

such as continuous carbon fiber reinforced polymer composites, 

thermoplastic and metal parts. The elaborated coaxial resonant 

applicator reduced the size and has a resonant frequency 

between 2.4 to 2.5 GHz. A TEM wave is stimulated in the 

applicator where the electrical field is polarized perpendicular to 

the filaments and therefore allows a maximum penetration depth. 

The electrical conductive filament is designed as part of the inner 

conductor to enhance coupling efficiency. To prevent microwave 

leakage induced by the conductive material, a compact quarter 

wavelength filter was developed. The equivalent circuit of the 

filter was used to analyze the influence of structural parameters 

on the resonance frequency. The filter has been tested and good 

agreement between measured and simulated results is obtained. 

The heating behaviour with varying input power has been 

investigated for polyamide, polylactic acid and continuous 

carbon fiber reinforced polyamide filaments.  

 
Index Terms—tunable resonators, microwave filters, composite 

material structures, simulation and modeling, cavities. 

I. INTRODUCTION 

ICROWAVE additive manufacturing of continuous 

carbon fiber reinforced thermoplastics (CFRTP) with 

high-speed has been presented by the authors recently [1]. The 

first prototype of microwave heating assisted additive 

manufacturing system has been developed to print high-

performance CFRTP parts. The unique system can provide 

over 10 times printing speed of continuous fiber reinforced 

thermoplastic materials using the conventional hot end [2, 3]. 

Currently, similar to the commercial filaments [4], a CFRTP 

filament produced by the authors has about 0.45 mm 

diameters (1K carbon fibers, 23% ~25% carbon fiber volume 

fraction). The selective and volumetric microwave heating of 

filaments with a larger diameter (6K carbon fiber, 1.05 mm 

diameter, 27% fiber volume fraction) [5] offers the possibility 
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of printing large-scale CFRTP structures. However, the 

conductive carbon fibers can induce the leakage of 

microwaves, and an efficient filter is needed. Next, to provide 

reliable temperature control, the electromagnetic field needs to 

be focused onto a small area of the filament and can operate 

multiple materials. Hence, based on these preliminary works, a 

new microwave resonant applicator will be developed to heat 

CFRTP, thermoplastic and metal filaments. 

 Typical microwave applicators for microwave heating are 

single or multi-mode (TE- or TM-mode) cavities or travelling 

wave applicators, the minimum size of which corresponds to 

about half the wavelength of the operation frequency [6-8]. At 

the widely used 2.45 GHz ISM band, half wavelength in free 

space is 6.12 cm, which is much bigger than typical filament 

diameters. A better approach to concentrate the microwave 

power to the targeted material is the use of coaxial applicators 

like an open-ended coaxial waveguide as used for the 

microwave drill [9] or coaxial antennas as used for materials 

heating [10] or tumor ablation [11]. Open-ended coaxial lines 

are also implemented for broadband dielectric spectroscopy in 

the microwave range [12, 13]. Coaxial resonators have been 

widely researched to obtain low-loss filters [14] and 

Chebyshev low-pass filters [15] in wireless communication 

systems. A compact coaxial cavity resonator filter has been 

studied to operate at a frequency of 3 GHz [16].  

The above-mentioned research work and achievements 

prove the considerable efforts in the ongoing development of 

coaxial resonant cavity and filters. However, the emerging 

microwave heating assisted additive manufacturing (also 

known as 3D microwave printing or microwave additive 

manufacturing) of CFRTP structures brings new challenges to 

the design of an appropriate microwave applicator and has not 

been researched before. In this paper, the design principle and 

structure of a resonant coaxial applicator, and compact quarter 

wavelength filter are researched. By using finite element 

modelling, the scattering parameters of the applicator and 

filter have been simulated and compared with the 

measurement results.   

II. DESIGN OF SMALL-SIZE COAXIAL RESONANT APPLICATOR 

 The design of the small-size coaxial resonant applicator is 

based on a capacitive-loaded coaxial resonator. The detailed 

dimensions and 3D model are shown in Fig. 1. The outer 
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diameter of the applicator is only 38 mm and the total length 

from inlet to outlet is about 150 mm. The inner conductor has 

a diameter of 24 mm and connects the coupling pin of port 1. 

The CFRTP, thermoplastic or metal filaments go through the 

inner conductor and are heated in the area between the two 

filters. A quarter wavelength impedance transformation 

coaxial line has been used to match the impedance of the 

standard N type connector and the coaxial cavity. The 

materials used to machine the applicator are listed in Fig. 1 

(a). The filaments enter the applicator from the inlet (port 2) as 

shown in Fig. 1. (b) and the microwaves are coupled into the 

cavity through the port 1 to stimulate a TEM mode. Through 

involving the capacitive-loaded coaxial resonator, the heating 

area of the filaments is shrunk to a small area and the resonant 

frequency can easily be tuned by adjusting the length of the 

inner conductor. Different to hollow waveguides, coaxial 

waveguides do not have cutoff frequencies and therefore 

coaxial resonators can be designed at a very small size even at 

S-band (from 2 to 4 GHz). Since the generated TEM mode has 

an electric field direction, which is perpendicular to the 

filaments, this mode provides the highest penetration depth of 

the microwaves into the CFRTP filament. The simulation 

results of this applicator demonstrate that this designed 

structure has a resonant frequency at 2.45GHz. Two compact 

quarter wavelength filters are installed in the applicator to 

limit the microwave heating area and to prevent microwave 

leakage (detailed information is discussed in section III). One 

filter is inserted in the inner conductor and another filter is 

integrated in the 6 mm diameter nozzle, as shown in Fig. 1 (a). 

The outlet of the nozzle is port 3 and a cooling fin has been 

machined to enhance the heat dissipation and improve the 

dimensional stability of the cavity. Furthermore, an infrared 

camera is applied to measure the filament heating temperature 

through the hole on the cavity, as illustrated in Fig. 1 (b). 

 
Fig. 1. (a) Schematic diagram and (b) 3D model of the coaxial 

resonant microwave applicator for microwave heating assisted 

additive manufacturing.  

III. COMPACT TUBULAR FILTER AND EQUIVALENT CIRCUIT 

Notch filters for coaxial transmission lines are often 

realized using parallel stubs, as shows in Fig. 2(a). However as 

those filters require contact to the center conductor they 

cannot be employed in the application of 3D printing process, 

where the center conductor is the moving CFRTP filament. 

The new tubular filter presented in this work is designed as a 

parallel RLC filter of 4 length terminated by a short, as 

shows in Fig. 2(b). The direction of the electric field has been 

forced to turn 90 degrees and the 4  length dielectric 

material transfers an electric wall (tangential electric field 

component is zero) to a magnetic wall. The tubular filter will 

start to work when using conductive filaments, and the 

filament plays the role as a part of the inner conductor. The 

designed filter requires only contact to the outer conductor and 

allows the filament to move freely. In addition, it enables the 

very compact form of the filter by aligning the stub coaxially 

to the transmission line and therefore provide the possibility to 

integrate the compact filter into the printing nozzle. The 

diameter does not influence the band-stop frequency of the 

tubular filter. Thus, it can be designed with an extremely 

compact size, e.g. with an outer diameter of only 4 mm. The 

corresponding equivalent circuit using transmission lines and 

lumped elements are shown in Fig. 2(c) and (d). P1 and P2 are 

the ports of coaxial transmission lines. The series RLC circuit 

represents the coaxial line of the cavity, and the resistance 
0R  

and 
fR indicate the loss along conductive filaments. As shown 

in Fig. 2(d) of the equivalent circuit of the tubular filter, the 

filter is equivalent to a parallel RLC resonator, where 
fC  is 

capacitive element and 
fL  is inductive element in the filter.  

 

Fig. 2. Comparison of traditional notch filter (a) with 

developed compact tubular filter (b), (c) equivalent circuit 
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using transmission lines, (d) equivalent circuit using lumped 

elements. 

According to the transmission line theory [17], the input 

impedance 
fZ  of the filter can be expressed as: 

0 tanf fZ jZ l  (1) 

Where 
0fZ is the line impedance of the tubular filter, l is the 

length of the tubular filter, and  is the propagation constant 

inside the filter. For the stub with a length of 4 , the input 

impedance will tend towards infinity and act as a perfect open. 

As can be seen from equation (1) the bandwidth of the filter 

depends mainly on the line impedance of the stub. In contrast 

to traditional parallel stubs where a low line impedance is 

required to achieve a low input impedance over a wide 

frequency band, this filter requires a high line impedance to 

increase the input impedance over a wider frequency band. 

Because the applicator is powered by a solid-state generator, 

the bandwidth and compact size of the filter can be balanced 

by tuning the output frequency of the generator. An equivalent 

circuit using lumped components can therefore be derived as 

shown in Fig. 2 (d). According to parallel RLC circuit 

approaches [18, 19], the circuit parameters can be expressed as 

the following equations: 
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The resistance of the filter is fR , which depends on the 

property and diameter of the CFRTP filaments. cf is the 

resonant frequency of the filter, and S21 is the transmission 

coefficient. 
fC is the capacitive reactance, and 

fL is the 

inductive reactance. 
cf is the -3 dB bandwidth of S21. 

IV. ELECTROMAGNETIC SIMULATION AND CALCULATION 

To evaluate the scattering parameters (S11, S21 and S31) of 

the designed compact tubular filter and small-size applicator, 

the digital models have been established and calculated in a 

finite element modelling environment. The electrical 

properties of T300 carbon fiber (1K and 6K, Toray Industries), 

polyamide (910 PA6, Taulamn3D) and polylactic acid (PLA, 

NatureWorks LLC) used in the simulation have been listed in 

Table 1. With regards to the conductive filaments, e.g. carbon 

fibers, the high resistance leads to Joule-heating in this domain 

rather than dielectric heating of thermoplastic materials under 

microwave radiation. As shown in Table 1, the reinforcement 

of carbon fibers not only improves the mechanical strength of 

printed parts but also reduce temperature gradients due to its 

high thermal conductivity. 

First of all, the compact tubular filter is researched by using 

CST microwave studio, the electromagnetic field of the filter 

has been simulated and is shown in Fig. 3. The model of the 

microwave applicator’s nozzle has been built and the tubular 

filter is inserted in the nozzle. The 6K carbon fiber has an 

approx. 0.54 mm diameter and the PTFE material (blue area) 

has been applied to decrease the length of the filter, which is 

21.5 mm as shown in Fig. 3 (a). The microwaves go inside the 

filter by taking the conductive filament as the inner conductor. 

Port 1 on the top of the nozzle is the input port of microwaves 

and port 2 is the outlet. It is evidence of how the tubular filter 

stopped the transmission of the microwaves, as shown in Fig. 

3(b) and (c). The electromagnetic energy is stored in the filter 

effectively and the outlet of the nozzle shows nearly zero field 

intensity. For the filter in the inner conductor of Fig. 1(a), the 

dielectric material is air and it has a length l of 30.4 mm. Both 

two filters have the same band-stop frequency at 2.45GHz.  

As demonstrated in Fig. 4, the influence of the filter length l 

and gap thickness g on the band-stop frequency have been 

researched. Through changing the length l from 20.5 to 22.5 

mm, the frequency shifted from 2.66 to 2.43GHz. On the other 

hand, the increasing of the gap thickness g leads to a 

frequency variation from 2.34 to 2.43GHz. Thus, the gap 

thickness, which decides by the parameter 
fC has a larger 

influence on the band-stop frequency compared with filter 

length. 

 
Fig. 3. (a) 3D model of the compact filter, simulated electric 

field (b) and magnetic field (c) distribution of the filter. 

TABLE I 

ELECTRICAL PROPERTIES OF MATERIALS 

Materials 
Electric 

conductivity 

 
Thermal conductivity 

Relative 
permittivity 

Loss 

tangent 

Carbon fiber 58824 S/m  10.5 W/m·K 1 / 

PA6 ~ 10-12 S/m   0.26 W/m·K 3.06 [20] 0.011 

PLA ~ 10-3 S/m  0.13 W/m·K 3.5 [21] 0.001 

PTFE 5.1×10-17 S/m  0.25 W/m·K 2.1 0.0002 
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Fig. 4. Influence of the filter length l (a) and gap thickness g 

(b) to the band-stop frequency. 

    By using the compact tubular filter, the coaxial resonant 

microwave applicator is developed and the calculated electric 

fields with non-conductive and conductive filaments are 

shown in Fig. 5(a) and (b). When printing the non-conductive 

filament, such as thermoplastic materials, the heating spot 

locates on the resonant cavity, as shown in Fig. 5(a). In the 

case of applying CFRTP or metal filaments, the nozzle 

becomes part of the cavity and the two filters start to work. 

Due to the Joule-heating principle, the magnetic field 

dominates the heating spot of the conductive filament. As 

shown in Fig. 5(b), the heating spot for the conductive 

filament is inside the nozzle. By changing the length of the 

inner conductor made of brass (the length is 89 mm) as shown 

in Fig. 1, the resonant frequency shifts from 2.4 to 2.5GHz. 

 
Fig. 5. Calculated electric fields of the developed applicator 

with non-conductive (a) and conductive (b) filaments, (c) 

tuning the resonant frequency of the applicator by changing 

the length of the inner conductor. 

V. EXPERIMENTAL VERIFICATION 

First, a compact tubular filter has been manufactured 

according to the 3D model and the S parameters have been 

tested under different conditions by using a two-port network 

analyzer (Rohde & Schwarz, 9 kHz-3 GHz), as shown in Fig. 

6. The whole structure of the filter is the same as the model 

shown in Fig. 3(a). The outer diameter of the steel tube is 6 

mm, and the inner diameter is 4 mm. The copper and PTFE 

tubes have been combined to a quarter wavelength filter. The 

6K carbon fiber reinforced polyamide filament is plugged into 

two female SMA connectors and serves as the inner conductor.  

 

Fig. 6.  (a) Compact tubular filter connected with SMA 

adapter, (b) exploded view of the filter. 

The testing results for different parameters and filament 

materials are shown in Fig. 7. The compact quarter 

wavelength filter with a length of l = 21.5 mm and gap 

distance g = 0.5 mm shows a filtering ranges from 2.41 to 2.46 

GHz (< -20 dB), as represented in Fig. 7(a). Refer to the 

equations of equivalent circuit, the parameters of electrical 

components can be calculated.  For the filter shown in Fig. 3, 

0 12fZ   , 1.18kfR   , 6.76pFfC  , 624.54pHfL  . By 

using the simulation tool of the equivalent circuit and input the 

above parameters, the S21 curve of the filter is shown in Fig. 

7(a). As the transmission line model assumes transmission in 

air, the length of the stub needs to be scaled according to the 

dielectric constant of PTFE. Comparison between the 

equivalent circuit and CST shows near perfect agreement. 

Furthermore, different kinds of materials have been tested in 

the experiments. As shown in Fig. 7(b), the CFRTP filaments 

have lower transmission coefficients than the copper wire. 

That means more microwave energy has been consumed when 

a CFRTP filament goes through the filter because carbon 

fibers can absorb more microwave power than copper 

materials. Furthermore, the 0.45 mm diameter filament 

exacerbates the impedance mismatch and increases the band-

stop characteristics of the filter. 

 
Fig. 7. Measurement and simulation results of the compact 

tubular filter, (a) comparison of experiment, simulation and 
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circuit calculation results, (b) measured S21 of different 

filaments.    

The testing setup of the small-size coaxial resonant 

microwave applicator is shown in Fig. 8(a). The two-port 

network analyzer has been applied to measure the S11, S21 and 

S31 parameters. Port 1 connects to the microwave coupling 

port of the applicator and port 2 connects to the inlet. This 

setup allows measuring the S parameters of different filaments. 

First, a non-conductive PLA filament has been tested and 

compared with the simulation result. It can be seen that the 

simulation curve fits well with the experimental result, and 

29% (-1.5 dB) microwave energy has been coupled into the 

applicator, as shown in Fig. 8(b). Thus, the non-conductive 

thermoplastic filaments can be heated by using high power 

microwaves (detailed information described in Fig.9). As 

demonstrated in Fig. 8(c), by replacing the PLA filament with 

conductive copper filament, the resonant character of the 

applicator has been affected significantly. Because the two 

tubular filters have been activated and the microwave energy 

at the band-stop frequency, which is also the resonant 

frequency of the applicator, cannot leak to the ambient 

environment. Therefore, the curve of measured S11 raises up 

between 2.4 to 2.6GHz and forms two peaks. Obviously, the 

frequencies of the two peaks lie outside of the stopping 

bandwidth of the filter and therefore, the microwaves are 

guided to the outside by the copper filament. Subsequently, a 

1.05 mm diameter, 6K carbon fiber reinforced filament is 

plugged into an SMA adaptor and goes through the cavity. 

The measured S11, S21 and S31 are shown in Fig. 8(d) to (f). It 

can be observed that about 37% microwave energy has been 

coupled into the applicator at 2.45 GHz and most of the 

energy has been used to heat the CFRTP filament. The main 

goal to measure the S21 parameter of the applicator is to 

evaluate the efficiency of the microwave filter. The S21 

parameter lower than -20 dB from 2.42 to 2.53 GHz indicates 

that the compact quarter wavelength filter is sufficiently 

broad-band and keeps the microwave energy inside the cavity 

at these frequencies. The dramatic difference between using 

the filter or not in the port 3 is shown in Fig. 8(f). By 

integrating the compact tubular filter inside the nozzle, the S31 

decreased from -2.44 dB to -15.78 dB at 2.45 GHz.  

In order to characterize the heating performance of the 

small-size resonant microwave applicator, the temperature 

evolution during microwave heating at different power levels 

for different materials has been measured and is shown in 

Fig.9. A 300W, 2.4-2.5 GHz solid-state microwave generator 

(HBH Microwave Inc.) has been employed as a microwave 

source. When non-conductive filaments such as the polymer 

of PA6 and PLA have been tested in the microwave printing 

applicator, the behavior of the heating process is different to 

the CFRTP filament. As illustrated in Fig. 9(a), the static 1.75 

mm diameter PA6 filament (dried in the oven for 24 hours) 

has been heated with a step-changing microwave power from 

10 to 90 W every 10 seconds. When reaching temperatures 

beyond the glass transition temperature of the polymer, a hot 

spot is generated in the filament, which is located exactly in 

the heating area shown in Fig. 5(a) and that is also the 

measuring point of the infrared camera. This is due to a non-

linear increase of dielectric loss at a temperature beyond glass 

transition temperatures resulting in a thermal runaway, which 

is typical for thermoplastic materials [22]. 

   
 

Fig. 8.  (a)  Testing setup of the single-mode microwave applicator, (b) measured S11 of the applicator with PLA filament, (c) 

measured S11 of the applicator with copper filament inside, (d) to (f) measured S11, S21 and S31 when using CFRTP filament. 



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 

 

 

6 

 

Fig. 9.  Measured temperature evolution with varying microwave power for PA6 (a), PLA (b), CF-PA12 (c), and CFRTP 

filament (d) in the developed microwave applicator.   

As shown in Fig. 9(a), the PA6 resin is slowly heated from 

room temperature. When the heating temperature arrives at 

150oC, the temperature explosively increases to 400oC in 4 

seconds. The red box marked area has been zoomed in a small 

diagram at the left and indicates how fast the temperatures can 

change. After that, the PA6 filament separates into two 

melting drops and the temperature decreases. For the PLA 

resin, the microwave temperature has almost the same 

correlation with microwave power. The difference is that the 

PLA resin has a lower loss tangent than the PA6 resin, as 

shown in Table 1. Thus, the response to microwave power is 

much blunter. 

 
Fig. 10. Infrared images of the microwave heated filaments at 

different stages, (a) PA6, (b) PLA, (c) CF-PA12, (d) CFRTP. 

    By mixing with chopped carbon fibers, the PA12 resin 

shows different microwave heating behavior, as shown in 

Fig.9(c). Around 20 W power can heat the CF-PA12 filament 

(15 % fiber volume content of chopped carbon fibers, 

Fillamentum Industrial) to 200oC and obviously, the carbon 

fiber is in the domain to transfer the microwave energy into 

thermal heat. The filament has been heated quickly and the 

additional strength provided by chopped carbon fibers also 

prevents the filament from melting to drops (more information 

can be found in Fig.10). In Fig. 9(d), a static 0.45 mm CFRTP 

filament has been tested in the microwave applicator with the 

temperature controlled by a PID controller. Compared with all 

other filaments, the CFRTP allows a much higher heating rate 

and efficiency. The filament can be heated up to 250oC with 

10 W microwave power only and a constant temperature can 

be maintained. The infrared images of the four kinds of 

filaments have been recorded and are shown in Fig. 10. The 

maximum temperatures captured in these images are marked 

on the right corner and the figure of the samples share the 

same size bar. In Fig. 10(a) and (b), at the melting temperature, 

the pure plastic filaments melt into drops and fall down to the 

printing bed. The chopped carbon fiber reinforced PA12 has a 

large diameter and changes its shape when melted as shown in 

Fig. 10(c). Due to the small diameter of the CFRTP filament, 

the hot spot demonstrates a thinner shape. The relatively fixed 

profile of the filament also ensures that during the high-speed 

microwave printing process, the temperature measurement is 

more precise and in favor of improving printing quality.  
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Fig. 11. (a) Dimension of the lightweight CFRTP connector, 

(b) mechanical analysis under tensile load, (c) planned 

printing path, (d) printed CFRTP connector, (e) assembly of a 

complex spatial lattice using printed connectors, and bending 

resistance of (f) PLA connector and (g) CFRTP connector. 

 

To validate the developed coaxial resonant microwave 

applicator, a CFRTP part is printed in this paper. Connectors 

have been widely used to connect components and bear tensile 

loads. Usually, metallic parts are heavy and break easily. 

Continuous carbon fiber reinforced thermoplastic connector 

can provide higher performance even at a small scale, as 

shown in Figure 11(a). Lightweight CFRTP connectors 

manufactured using the developed microwave applicator can 

print the continuous fibers along the load transmission path 

and significantly increase the strength to weight ratio. The 

load applied on two bolts at the connection areas will generate 

stresses in the longitudinal direction inside the straight beam 

elements (simulated in COMSOL and the homogenous 

material properties of PLA have been used), as shown in 

Figure 11(b). Thus, a contour path has been planned to print 

the lightweight connector with continuous fibers reinforced in 

the direction of the stress vectors, as shown in Figure 11(c). 

The printing speed of this part is 35 mm/s and much higher 

than the current maximum 10 mm/s printing speed of CFRTP. 

The printed continuous carbon fiber reinforced polyamide part 

demonstrated higher bending strength than a PLA connector 

with the same geometry and dimension, as illustrated in Figure 

11(f) and 11(g). The printed large size connector and a 
complex spatial lattice assembled using small CFRTP 

connectors (printed with 1/2 scale of the original shape) are 

shown in Figure 11(d) and 11(e).  

VI. CONCLUSION 

Microwave additive manufacturing is an emerging 3D 

printing technology, which can provide higher printing speed 

of multiple materials, e.g. continuous carbon fiber reinforce 

plastics, thermoplastics and metals, as compared to state-of-

the-art printing methods. Furthermore, due to volumetric 

heating, the printing dimension is not limited to small filament 

diameters. In this paper, the coaxial resonant microwave 

applicator with two compact quarter wavelength filters has 

been developed and can effectively heat non-conductive and 

conductive filaments. For a small heating spot of the CFRTP 

filament, about 37% of microwave energy has been absorbed 

and transferred into heat at 2.45 GHz. The compact filter with 

a 4 mm outer diameter shows a broad-band filtering property 

(< -20 dB) ranges from 2.41 to 2.46 GHz, and the equivalent 

circuit has been established to analyze the influence of 

structure parameter on the resonant frequency of the filter. The 

heating behavior of the CFRTP filament indicates that by 

using 10 W power, the temperature can raise up to 250oC. This 

robust and tunable applicator allows the rapid heating of 

multiple materials, especially the high-performance 

continuous carbon fiber reinforced plastics with different 

diameters. In future, the size of the applicator could be 

reduced furthermore with improved coupling efficiency. The 

applicators will be installed on a multi-robot printing system 

and it will be applied to manufacture complex spatial 

lightweight structures, which could contribute substantial 

benefits for the reduction of CO2 emission by less weight and 

materials for vehicles. 
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