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A B S T R A C T   

Additive manufacturing has developed significantly. In contrast to established fabricated materials, low-melting- 
point alloys (LMPAs) are increasingly attractive because they have favorable electrical/thermal conductivities 
and mechanical strengths. However, LMPA additive manufacturing is still in its infancy. We report a novel 
strategy for fabricating the complex and/or multifunctional components of LMPAs by extrusion additive 
manufacturing with two nozzles (for extruding the polymer and for extruding the LMPA). The proposed strategy 
was used to successfully fabricate complex LMPA components for the first time. We fabricated LMPA/polymer 
composite parts with improved mechanical properties, and implemented the integrated manufacturing of circuits 
and 3D products. The strategy will enable the use of LMPAs in applications such as smart structures, electro-
magnetic shielding, biomedicine, thermal management, energy harvesting, and advanced electronics.   

1. Introduction 

Additive manufacturing (AM; also known as 3D printing) is a tech-
nique for fabricating parts in a point-by-point and then layer-by-layer 
manner from 3D model data [1,2]. Since the first AM technique was 
devised in the 1980s [3], the applicability of various materials with 
regard to the method has been researched. These materials include 
metamaterial [4,5], polymer [6–8], ceramic [9], lignin [10], cement 
[11,12], metal [13,14], and silica [15]. Low-melting-point alloys 
(LMPAs) are becoming increasingly attractive because they have certain 
advantages including favorable thermal conductivity, ease of handling, 
reusability, mechanical strength, and good electrical conductivity. 
LMPAs allow a metal to form into a liquid or semiliquid state at low 
temperatures (below 300 ◦C at atmospheric pressure), and then resoli-
dify [16]. An LMPA is usually composed of low-melting-point elements 
such as indium (In), gallium (Ga), tin (Sn), or bismuth (Bi) [17]. LMPAs 
have already been widely used in bionics [18,19], thermal management 
[20,21], clean energy [22], electromagnetic shielding [23], and 
biomedicine [24]. Some researchers have already tried 3D printing 
LMPAs. Huang et al. used electric field-assisted direct writing to 3D print 
an LMPA [25]. It is possible to use their method to fabricate LMPA parts. 
However, the products suffer from low surface quality and low bonding 

strength between layers. Warrier and Kate (2018) used fused deposition 
modeling (FDM) to print pure LMPA parts directly [26]. However, the 
quality was relatively low and it was impossible to fabricate complex 
structures. Hsieh et al. (2016) also used FDM to directly manufacture an 
LMPA, although only three single layers were printed [27]. The litera-
ture shows that LMPAs have excellent potential for future 
multi-functional applications [28–32] and soft robots [33,34]. However, 
the fabrication of good quality complex LMPA parts by 3D printing 
techniques remains challenging, and additive manufacturing LMPA is 
still in its infancy. 

Herein, we propose a novel extrusion additive manufacturing (EAM) 
strategy for fabricating complex LMPA parts with multi-functional ap-
plications at relatively low cost. The main idea is to use two nozzles 
during EAM: one for extruding the polymers (e.g., polylactic acid (PLA)) 
and another for injecting the LMPA. Fig. 1(a) shows how the proposed 
system works. As shown step-by-step from left to right in this figure, 
when printing the polymer part of the component, nozzle 1 is open for 
fabrication. When the polymer part is completed, nozzle 2 opens to 
inject the molten LMPA. Once the whole component cools to below the 
melting temperature of LMPA, the molten LMPA solidifies, and the 
entire component is finished. The strategy proposed in the present paper 
has three novel aspects. First, for the first time it enables the fabrication 
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of complex pure LMPA parts using EAM (a low-cost AM technique, 
compared with traditional metal AM). We printed various triply periodic 
minimal surface (TPMS)-based structures and lattice structures as ex-
amples. Second, the proposed system enables the fabrication of com-
posite (polymer and LMPA) parts with improved mechanical properties. 
We printed standard parts for tensile and three-point bending tests. 
Third, the proposed system can be used to fabricate 3D products with 
internal LMPAs that act as electrical wires, thereby eliminating the ne-
cessity of further steps to insert the wires. We manufactured two test 
pieces to demonstrate this capability of the technique: a test piece 
comprising the letters CUHK (which stands for Chinese University of 
Hong Kong); and a test piece comprising a “spring light” (i.e., a light- 
emitting diode (LED) attached to a plastic spring with an internally 
printed LMPA that acts as an electrical wire). Fig. 1(b) lists the potential 
applications of the strategy proposed herein. With the ability to 3D print 
complex LMPA parts with greater freedom for the design of LMPA 
structures, our strategy can be used in various fields including electro-
magnetic shielding, biomedicine, thermal management, energy har-
vesting, and arts. 

2. Experiments and methods 

2.1. Working principle of the customized 3D printer 

The 3D printer used in the present study was originally from Polar-
bear 3D, and was customized by the authors. The basic principle is 
similar to that operating in traditional FDM. As shown in Fig. 2, nozzle 1 
was the same as a traditional nozzle; we added a second nozzle (nozzle 
2) for LMPA extrusion. The printing process can be divided into two 
stages. The first stage resembles conventional 3D printing, and involves 
the layer-by-layer fabrication of a reversed 3D part from the bottom to 
the top. In the second stage, nozzle 1 is closed, and nozzle 2 injects the 
LMPA into the interior of the reversed 3D part. Nozzle 2 comprises a 
syringe pump with a heating function. The syringe pump was designed 
as shown in Fig. 3(a). The working principle of the pump is as follows. 

Initially, the pump is full of LMPA. The heater is used to heat the LMPA 
to a specific temperature (above the melting temperature of the LMPA), 
and the piston then moves down to inject a specific volume of the LMPA. 
As shown in Fig. 3(a), if the diameter of the pump is D, the volume of the 
injected LMPA (V) can be calculated using Eq. 1: 

V = zπ(D
2
)

2
, (1)  

where z is the squeezed height of the piston. Taking the TPMS structure 
shown in Fig. 3(b) as an example, the volume of LMPA required can be 
calculated and then substituted into Eq. 1 to determine the squeezed 
height z. 

2.2. Materials and experiments 

The PLA was from Polymaker Ltd. The PLA filament was 1.75 mm in 
diameter. The LMPA was from Wude Alloys Ltd, China, and consisted of 
Sn 12.5 %, Bi 50 %, Pb 25 %, and Cd 12.5 % (the solid and liquid LMPA 

Fig. 1. (a) Schematic showing the proposed printing system; (b) Potential applications.  

Fig. 2. Illustration of the printing process. (a)–(d) 3D printing polymer for the 
reversed 3D model; (e) The LMPA injection process. 
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and its element mapping are shown in Fig. 4). The melting point of this 
LMPA was 70 ◦C. The dichloromethane (batch number 22020141) used 
to dissolve the PLA was from RCI Labscan Ltd, Thailand. The key PLA 
printing parameters were set as follows: print temperature, 205 ◦C; print 
speed, 60 mm/s; layer height, 0.15 mm; infill density, 20 %; and bed 
temperature, 45 ◦C. When printing LMPA, the printing temperature was 
set at 100 ◦C, and the print bed and chamber temperatures were set at 
70 ◦C. The speed for injecting LMPA was 0.8 mm3/s. The cross-sectional 
morphologies of the parts after the tensile and three-point bending tests 
were investigated using a TM3030Plus SEM microscope (Hitachi) at an 
accelerating voltage of 15 kV and a vacuum of 45 Pa. The element 
mapping of the LMPA was acquired using a XFlash660 energy-dispersive 
EDX detector (Bruker, Germany). A CMT5105 universal electrome-
chanical testing machine from MTS Systems Co., Ltd, China with 2 kN 
load cell was used for the tensile and three-point bending tests. Standard 
test pieces were designed for these tests. Details of their design are 
provided in the subsequent section. The tensile tests were conducted at 
various speeds, i.e., 1, 50, and 100 mm/min. The bending load velocities 
applied in the three-point bending tests were 1, 50, and 100 mm/min. 
Three tests were performed for each design. An MS-305D direct current 
system (MAISHENG) was used to supply power to the printed CUHK and 
spring lights at 3 V. 

2.3. Design of the CUHK test piece 

The CUHK test piece with internal electrical wires was designed 
using Autodesk Inventor Professional 2020, and is illustrated in Fig. 5. 
Each hole and through-hole had a diameter of 1.5 mm. The dimensions 
of the whole test piece were 196 × 66 × 35 mm. 

2.4. Design of the pure LMPA structures 

Herein, we present two kinds of structures: TPMS-based structures 

and lattice structures. Both are considered natural fundamental building 
blocks. 

2.4.1. Design of TPMS-based porous structures 
Most natural porous structures have nonuniform and irregular pores. 

Biomimetic structures are similar to porous biological structures. They 
can be generated by controlling the distribution of periodic parameters 
and curvature parameters based on the implicit surface characteristics of 
a TPMS. A TPMS-based porous structure can be described by the inter-
section of two solids that are defined by two signed distance fields ϕ1 
and ϕ2: 

Fig. 3. Illustration showing the design of the syringe pump. (a) The syringe pump; (b) The TPMS structure; (c) The reversed TPMS test piece for 3D printing.  

Fig. 4. Images of the liquid and solid LMPA and its element mapping.  

Fig. 5. CUHK test piece with holes and through-holes for filling LMPA, 
designed for whole product fabrication without the necessity of assembling 
electrical wires. (a) Illustration of the holes; (b) Cross-sectional view of the 
through-holes; (c) Transparent view. 
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ϕ1 = φ + C,
ϕ2 = C − φ,
ϕs = min(ϕ1,ϕ2),

(2)  

where ϕ1 and ϕ2 represent two signed distance fields determined by the 
TPMS function φ, and C is the physical offset, which measures the 
algebraic distance between two surfaces ϕi = 0 (i = 1 or 2) and φ = 0. 
The porous structure is defined by ϕs > 0, which is the intersection of 
two solids ϕ1 > 0 and ϕ2 > 0. Fig. 6(a) shows details of the geometric 
representation. ϕ can be generated from the Fourier series on the peri-
odic nodal surface [35]. The representations can be stated as follows: 

φ(r) =
∑K

k=1
Akcos

[
2π(hk⋅r)

λk
+ Pk

]

= M, (3)  

in which r = (x, y, z) ∈ R3 is a location vector, Ak is the amplitude, hk is 
the k-th lattice vector, λk is the period factor, Pk is the function phase, 
and M is a constant. The topology of the TPMS can be satisfactorily 
reproduced by truncating the series to the maximum term, giving the 
following nodal approximation of a gyroid surface: 

φG(r) = sin(2πtxx)cos
(
2πtyy

)
+ sin(2πtzz)cos(2πtxx)

+sin
(
2πtyy

)
cos(2πtzz) = M,

(4)  

where tx, ty, and tz represent periodic parameters along the x-, y-, and z- 
axes, respectively, and M is a nonzero constant. 

The TPMS-based porous filling of a given model ΩModel is formulated 
as: 

ϕFinal = min(ϕs,ϕModel), (5)  

where ϕModel is the signed distance field of the shape of model ΩModel. In 
the present study, we randomly generated tx, ty, and tz to achieve a 
porous entity filled with nonuniform three-period minimal surfaces. 

Fig. 6(d)-(f) shows porous filling of the nonuniform minimal surfaces in 
the 3D entities. 

2.4.2. Design of the lattice structures 
Lattice structures are becoming increasingly common in product 

design because they have high stiffness-to-weight ratios. We adopted 
common lattice types (Honeycomb, X, Cross, Tesseract, Octet, and Star) 
to generate the volume lattice structures, as shown in Fig. 7. 

2.4.3. Design of the reversed 3D printing part 
We designed a porous structure model Ωporous, and calculated its 

bounding box Bporous. The reversed 3D printing part was obtained from 
Bporous. The design pipeline and the reversed 3D lattice structures of the 
printing parts are shown in Fig. 8. 

2.5. Design of parts for mechanical testing 

We determined the sizes of the tensile test pieces according to ISO 
527-1:2019 [36] and ISO 527-2:2012 [37] as shown in Fig. 9(a) and (b), 
and determined the sizes of the three-point bending test pieces accord-
ing to ISO 178:2019 [38] as shown in Fig. 9(c) and (d). Both tensile and 
three-point bending tests were carried out three times on each condition. 
The printing direction is shown in Fig. 10. PLA was used as the polymer 
material, and LMPA consisting of Sn 12.5 %, Bi 50 %, Pb 25 %, and Cd 
12.5 % was used for the filling. The print parameters were as follows: 
print temperature, 205 ◦C; print speed, 60 mm/s; layer height, 0.15 mm; 
bed temperature, 45 ◦C; and infill density, 20 %. The printing temper-
ature for LMPA was set at 100 ◦C, and the print bed temperature was set 
at 70 ◦C. 

Fig. 6. (a)-(c) Illustration of the geometric representation of a TPMS-based porous structure; (d) TPMS-based ball; (e) TPMS-based tooth; (f) TPMS-based bone.  
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3. Results and discussion 

3.1. 3D printing of complex pure LMPA parts 

The proposed strategy can be used for the 3D printing of complex 
pure LMPA parts. The process is illustrated in Fig. 11(a). The final 
complex 3D part is designed first. The 3D part is then reversed using a 
bounding box to obtain the reversed 3D model. Next, the reversed 3D 
part is 3D printed using nozzle 1 (PLA) and the LMPA is filled inside the 
reversed 3D part using nozzle 2 to obtain the PLA/LMPA composite part. 
The composite part is then soaked in CH2Cl2 to dissolve the PLA and 
produce the complex pure LMPA part. Fig. 11(b) shows several designed 
and fabricated complex pure LMPA parts, including various lattice, 
tooth, and bone structures. Fig. 11(c) shows a scanned 3D model of the 
first author’s head and an LMPA statue fabricated from it. Micro- 
computed tomography (CT) (SCANCO μCT100) with a high resolution 
of 10 µm was utilized to detect defects in the 3D printed specimen. For 
the test, a small part (Fig. 11(e)) cut from the 3D printed specimen 
(Fig. 11(d)) was put in the chamber of micro-CT. The micro-CT image 
(Fig. 11(f)) shows that there are no obvious porosity/defects in the 3D 
printed specimen, indicating its high quality. As indicated in the liter-
ature, LMPA has excellent potential for future multi-functional appli-
cations [28–32], including smart structures, electromagnetic shielding, 
biomedicine, thermal management, and energy harvesting. To the best 
of our knowledge, our study is the first to demonstrate the fabrication of 
complex lattice, tooth, and bone LMPA structures using EAM, which is a 
low-cost AM technique. The ability to fabricate complex parts will 
facilitate the design of LMPA structures that can be applied with 
improved efficiency to more fields. 

3.2. 3D printing of composite parts 

The fabricated parts of LMPA/polymer composites have better me-
chanical properties than traditional pure polymer 3D printed parts. The 
standard parts were designed for tensile and three-point bending tests. 
Both tensile and three-point bending tests were carried out three times 
in each condition. Fig. 12(a) shows the 3D printed pure PLA and PLA/ 
LMPA standard parts used in the tensile tests. Fig. 12(b) illustrates the 
tensile machine setup. Fig. 12(c) shows the broken parts after the tests. 
Fig. 12(d), (e), and (f) show the stress–strain curves of the PLA and PLA/ 
LMPA parts subjected to testing speeds of 1, 50, and 100 mm/min, 
respectively. The Young’s modulus and tensile strength values are also 
given in Fig. 12(g). Both the Young’s modulus and tensile strength of the 
PLA/LMPA composite part were much higher than those of the pure PLA 
part under the various testing conditions. When the testing speed was 
50 mm/min, the tensile strength of the PLA/LMPA part was more than 
twice that of the pure PLA part. Fig. 12(h) shows the 3D printed pure 
PLA and PLA/LMPA standard parts used in the three-point bending tests. 
Fig. 12(i) shows the three-point bending machine setup. Fig. 12(j) shows 
the broken parts after the tests. Fig. 12(k), (l), and (m) show the 
load–displacement curves of the PLA and PLA/LMPA parts subjected to 
testing speeds of 1, 50, and 100 mm/min, respectively. The inflection 
points of the curves of PLA/LMPA parts are caused by the flexural 
synergistic effect of the PLA and LMPA. After the inflection point, the 
PLA part has been broken and the deformation is on the LMPA part. It is 
also noted that the maximum displacement of the PLA/LMPA depends 
on the testing speeds. When the PLA/LMPA is tested under speed of 
1 mm/min. the displacement is larger than 20 mm. However, under 
higher testing speed of 50 mm/min and 100 mm/min, the displacement 
is less than 6 mm. The reduction in displacement is mainly due to the 
hardening effect of the LMPA. The flexural modulus and flexural 
strength values are also shown in Fig. 12(n). Both the flexural modulus 

Fig. 7. Illustration of the various lattice structures (Honeycomb, X, Cross, Tesseract, Octet, and Star).  

Fig. 8. Pipeline for obtaining the reversed 3D printing parts.  
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Fig. 9. Test pieces designed for the tensile tests: (a) pure PLA and (b) LMPA/PLA composite; and test pieces designed for the three-point bending tests: (c) pure PLA 
and (d) LMPA/PLA composite (unit: mm). 

Fig. 10. Printing direction used to produce the test pieces for the tensile and three-point bending tests.  
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and flexural strength of the PLA/LMPA composite part were much 
higher than those of the pure PLA part under the various testing con-
ditions. When the testing speed was 100 mm/min, the flexural strength 
of the PLA/LMPA part was more than twice that of the pure PLA part.  

Fig. 13 shows scanning electron microscopy (SEM) images of the frac-
tured surfaces of the PLA and PLA/LMPA parts after the three-point 
bending and tensile tests under various conditions. In general, the 
fracture surfaces of the PLA parts were similar, regardless of the testing 

Fig. 11. (a) Process by which the final pure LMPA parts are obtained; (b) Demonstration of printed complex pure LMPA parts; (c) Demonstration of a printed LMPA 
statue; (d, e) Part used for micro-CT test; (f) Micro-CT test result. (LMPA = low-melting-point alloy). 
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speed. However, the roughness of the fracture surfaces of the PLA/LMPA 
parts did vary significantly with the testing speed. As shown in Fig. 13(a) 
and (d), at low testing speeds the facture surfaces appeared to contain 
several voids and were very rough. The voids gradually diminished, and 
the fracture surfaces became smoother (Fig. 13(b)-(c) and Fig. 13(e)-(f)) 
as the testing speed increased. In the future, different techniques can be 
adopted to improve the adhesion between LMPA and PLA to further 
increase the mechanical performance of the composite [39–41]. 

3.3. 3D printed products with internal electrical wires produced without 
an assembly step 

To demonstrate the fabrication of 3D products featuring LMPAs that 
act as internal electrical wires, we designed two test pieces: a test piece 
comprising the letters CUHK; and a test piece comprising a “spring light” 
(i.e., an LED attached to a plastic spring with an internally printed LMPA 
that acts as an electrical wire). These two test pieces were designed using 
Autodesk Inventor Professional 2020, and are illustrated in Fig. 14(a), 
(b), (e), and (f). Each hole or through-hole was 1.5 mm in diameter, and 
was filled with the LMPA during 3D printing. The outside parts were 
printed using PLA. The dimensions of the CUHK piece were 

196 × 66 × 35 mm. As shown in the figure, the CUHK piece was suc-
cessfully fabricated with internal electrical wires comprising the LMPA 
without the necessity of an assembly step. Fig. 14(c) shows the final 
printed CUHK piece, and Fig. 14(d) shows the piece with the LEDs on. 
Fig. 14(e) and (f) show the 3D spring light piece. Fig. 14(g) shows the 
printed spring light piece, and Fig. 14(h) shows the piece with the LED 
on. The CUHK and spring light pieces are shown herein as examples. 
However, other 3D applications/products that require internal electrical 
wires can be designed and fabricated using the proposed method. This 
reduces the postprocessing cost. Moreover, the technique can be used to 
produce complex 3D electrical parts that would have been impossible to 
make using traditional manufacturing methods. 

4. Conclusion 

The present paper proposes a novel strategy for 3D printing LMPA 
parts, including LMPA/polymer composite parts and complex pure 
LMPA parts. The strategy can be used to fabricate integrated LMPA 
polymer parts with improved mechanical properties, fabricate complex 
pure LMPA parts, and fabricate complex parts with electrical functions 
without the need for post-assembly. Therefore, we designed and 3D 

Fig. 12. Tensile and three-point bending tests, and the corresponding results. (a) 3D printed PLA and PLA/LMPA standard parts for the tensile tests; (b) Tensile 
machine setup; (c) Broken parts after the tensile tests; (d, e, f) Stress–strain curves of the PLA and PLA/LMPA parts subjected to tensile testing speeds of 1, 50, and 
100 mm/min, respectively; (g) Results of the Young’s modulus and tensile strength tests; (h) 3D printed PLA and PLA/LMPA standard parts for the three-point 
bending tests; (i) Three-point bending machine setup; (j) Broken parts after the three-point bending tests; (k, l, m) Load–displacement curves of the PLA and 
PLA/LMPA parts subjected to three-point bending test speeds of 1, 50, and 100 mm/min, respectively; (n) Flexural modulus and flexural strength values during the 
three-point bending tests. 
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Fig. 13. SEM images of the fractured surfaces of the PLA and PLA/LMPA test pieces after (a) the three-point bending test at 1 mm/min; (b) the three-point bending 
test at 50 mm/min; (c) the three-point bending test at 100 mm/min; (d) the tensile test at 1 mm/min; (e) the tensile test at 50 mm/min; and (f) the tensile test at 
100 mm/min. 
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printed standard parts for tensile and three-point bending tests. The 
results revealed that the integrated LMPA parts had much better me-
chanical performances than those produced conventionally. As shown 
previously, the proposed strategy was also used to 3D print complex 
pure LMPA parts. We successfully 3D printed various lattice, bone, and 
tooth structures. To the best of our knowledge, the present study is the 
first to demonstrate the fabrication of complex LMPA structures using 
EAM. The ability to 3D print complex LMPA parts provides greater 
freedom for the design of LMPA structures, which are potentially useful 
in various fields including electromagnetic shielding, biomedicine, 
thermal management, and energy harvesting. Ultimately, we demon-
strated the 3D printing of whole products with electrical functions 
without the necessity of assembly (using CUHK and spring light test 
pieces). This would reduce the postprocessing cost and could be used to 
produce complex 3D electrical parts that are impossible to fabricate 
using traditional manufacturing techniques. Various other materials and 
applications could be realized in addition to applying the proposed 

strategy to LMPAs. For example, the proposed strategy could be used to 
3D print a wax statue, whereby wax is used instead of LMPA, and poly 
(vinyl alcohol) (PVA) is used instead of PLA. PVA can be dissolved in 
water and wax is commonly used in the fabrication of statues. The statue 
model could be used as the original model, and after reversing the statue 
model, the reversed part could be used for 3D printing and wax filling. 
Moreover, other types of LMPA (e.g., Galinstan [42,43] and Gallium 
[44] alloys) with different elements could also be used. 
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