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Controlled length and number of thermal conduction pathways for copper
wire/poly(lactic acid) composites via 3D printing
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ABSTRACT Thermal conduction pathways play crucial roles
in comprehending thermal transport in thermally conductive
polymer composites. However, there is a lack of in-depth in-
vestigation on how the thermal conduction pathways (length
and number) influence the thermal conductivity coefficients
(λ) of the composites. In this work, three-dimensional (3D)
printing is performed to fabricate the thermally conductive 1D
copper wire/poly(lactic acid) (1D-Cw/PLA) composites, al-
lowing for controlling the length and number of Cw thermal
conduction pathways. And one thermal conduction model is
also proposed and established for polymer composites with 1D
thermal conduction pathways, elucidating the quantitative
relationship between thermal conduction pathways and ther-
mal conductivity. For composites with the same amount of
Cw, the in-plane λ (λ//) of thermally conductive 1D-Cw/PLA
composites is positively correlated with the number and length
of Cw thermal conduction pathways. Specifically, when the
volume fraction of Cw is 25.1 vol%, the λ// of 1D-Cw/PLA
composites, containing 20 intact Cw thermal conduction
pathways, can reach up to 4.23 W m−1 K−1, which is 87.2%
higher than that of 1D-Cw/PLA composites without intact Cw
thermal conduction pathways (2.26 W m−1 K−1), 72.0% higher
than that of 1D-Cw/PLA composites with short Cw (2 intact
Cw and 18 Cw broken at the half, 2.46 W m−1 K−1), and 1527%
higher than that of the pure PLA matrix (0.26 W m−1 K−1).
Furthermore, the predicted λ values from our established
thermal conduction model and empirical equation show no
significant difference from the measured λ at a 95% confidence
level.

Keywords: 3D printing, thermally conductive composites, ther-
mal conduction

INTRODUCTION
Electronic devices such as mobile phones, computers, and smart
machines inevitably generate a significant amount of waste heat
during their operation, which would adversely affect their sta-
bility, reliability, and service life [1–3]. To address this issue,
thermally conductive polymer composites have gained wide-
spread usage in the field of electronics, which can offer the
advantage of tunable thermal performance, convenient proces-
sing, and cost-effectiveness. By effectively reducing the operating

temperature of electronics, the obtained composites can ensure
their operational stability [4–6]. Furthermore, the increasing
emphasis on high power and integration in the 5G era has
placed even greater demands on the thermal conduction of
polymer composites [7–9].

Researchers commonly utilize the methods such as solution
blending, melt blending, and in situ polymerization to incor-
porate highly thermally conductive fillers (e.g., carbon-based
[10–13], metallic [14–17], and ceramic [18–21] fillers) into
polymer matrix for the preparation of thermally conductive
composites. However, reaching high thermal conductivity often
requires a substantial inclusion of thermally conductive fillers,
which would lead to poor mechanical and processing properties
of the resulting composites [22–24]. Studies have shown that
optimizing and controlling the ordered distribution of thermally
conductive fillers within polymer matrix and efficiently con-
structing thermal conduction pathways formed by the overlap of
these fillers can yield superior thermal conduction properties at
relatively lower filler loadings [25–28]. For instance, Sun et al.
[29] prepared thermally conductive carbon nanofiber/poly(L-
lactic acid)/poly(butylene adipate-co-terephthalate) (CNF/
PLLA/PBAT) composites via melt extrusion and stretch tech-
nology. With addition of 10 wt% CNF, the thermal conductivity
coefficient (λ) of these composites reached 1.53 W m−1 K−1,
showing a 31.9% enhancement compared with that of CNF/
PLLA/PBAT composites prepared via conventional hot-pressing
method (1.16 W m−1 K−1). This improvement was mainly
attributed to the shearing effect induced by the process, which
led to the more oriented arrangement of CNF within the PLLA/
PBAT matrix, facilitating the formation and enhancement of
thermal conduction pathways. In our previous work, Ma et al.
[30] capitalized on the shear effect during the fused deposition
modeling (FDM) three-dimensional (3D) printing process to
promote the oriented alignment of graphene nanoplatelets
(GNPs) inside poly(lactic acid) (PLA) matrix, resulting in the
preparation of oriented thermally conductive GNPs/PLA (o-
GNPs/PLA) composites. With addition of 20 wt% GNPs, the λ
of o-GNPs/PLA composites reached 2.90 W m−1 K−1, which was
1.6 times higher than that of randomly dispersed thermally
conductive GNPs/PLA composites with the same mass fraction
of GNPs (1.82 W m−1 K−1).

However, researchers have predominantly focused on the
construction of thermal conduction pathways inner polymer
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composites and often attribute the enhancement of thermal
conductivity solely to the formation and improvement of these
pathways [31,32]. It is important to note that there is still a lack
of in-depth research on the relationship between the properties
of thermal conduction pathways (such as length and number)
and the thermal conductivity of polymer composites. In previous
studies, researchers have explored the intrinsic relationships
between thermal conduction pathways and thermal conductivity
by developing thermal conduction models. For example, the
Agari thermal conduction model [33,34] considered the diffi-
culty levels of forming thermal conduction pathways through
thermally conductive fillers and quantified it as a freedom factor.
This model established a simple numerical relationship between
thermal conduction pathways and thermal conductivity. The
Privalko thermal conduction model [35] proposed that when the
amount of conductive filler reached a critical volume fraction,
thermal conduction pathways and the polymer matrix inter-
penetrated each other. This model introduced a stepwise aver-
aging method to express the correlation between thermal
conduction pathways and thermal conductivity. However, most
thermal conduction models tend to oversimplify the internal
factors influencing changes in thermal conductivities for poly-
mer composites and do not establish a quantitative relationship
between the properties of thermal conduction pathways and
thermal conductivity. As a result, these models encounter dif-
ficulties when tasked with directing the optimization and con-
trolled fabrication of thermally conductive polymer composites.

Deciphering the intrinsic relationship between the length and
number of thermal conduction pathways and thermal con-
ductivity hinges on the ability to control the design of these
pathways. In recent years, 3D printing has emerged as a pro-
mising technology that enables precise and controllable design
of thermal conduction pathways [36–38]. Gao et al. [39]
employed FDM 3D printing technology to construct precise
thermal conduction pathways using boron nitride nanosheets
(BNNSs) inner thermoplastic polyurethane (TPU), resulting in
the preparation of thermally conductive BNNSs/TPU compo-
sites. The BNNSs/TPU composites exhibited a λ of
1.80 W m−1 K−1 with 30 wt% BNNS, signifying a striking 650%
increase when compared with pure TPU (0.24 W m−1 K−1).
Guiney et al. [40] utilized direct ink writing 3D printing tech-
nology to construct controllable hexagonal boron nitride (hBN)
thermal conduction pathways inner poly(lactic-co-glycolic acid)
(PLGA), leading to the preparation of thermally conductive
hBN/PLGA composites. At a volume fraction of 40 vol% hBN,
the hBN/PLGA composites exhibited a λ of 2.10 W m−1 K−1,
which was 10 times higher than that of pure PLGA
(0.20 W m−1 K−1). Although 3D printing technology enables
precise construction and controllable distribution of thermal
conduction pathways, most studies have primarily focused on
utilizing it as a manufacturing process to prepare highly ther-
mally conductive polymer composites. The internal influences of
the length and number of thermal conduction pathways on the
thermal conductivities of the obtained composites have not
received much attention.

In this work, the 3D printing technology is utilized to fabricate
PLA bulks with embedded parallel holes, which are subsequently
filled with 1D copper wires (1D-Cw) of varying lengths, num-
bers, and diameters. These Cw act as efficient thermal conduc-
tion pathways within PLA matrix. By employing the hot-
pressing method, thermally conductive 1D-Cw/PLA composites

with controllable lengths and numbers of Cw thermal conduc-
tion pathways are obtained. The influences of these parameters
on the thermal conductivities of the 1D-Cw/PLA composites are
investigated using the Hot Disk thermal constant analyzer. To
further characterize and simulate the thermal conduction
behavior, infrared thermography and finite element analysis are
employed. Additionally, one thermal conduction model is pro-
posed and established, specifically designed for polymer com-
posites featuring 1D thermal conduction pathways. The aim of
this work is to elucidate the quantitative relationship between
the properties of thermal conduction pathways and the thermal
conduction properties of polymer composites.

EXPERIMENTAL SECTION

Preparation of thermally conductive 1D-Cw/PLA composites
PLA powder (Grade: 4032D, Nature Work, USA) was processed
into 1.75-mm diameter PLA filaments using a screw extruder
(SJ25 type, Zhangjiagang Aoruide Machinery Co., Ltd.). The
filament was then loaded into an FDM 3D printer (CreatBot
F160 type, Henan Suwei Electronic Technology Co., Ltd.) to
fabricate PLA bulks containing 20 parallel holes, following the
instruction provided in the “.gcode” file generated by CreatWare
V6.5.2 software. Different numbers, lengths, and diameters of
pure Cw with diameters of 0.8, 0.6, and 0.4 mm (Suqian Jia’ao
Trading Co., Ltd.) were embedded into the PLA holes. Subse-
quently, the PLA bulks containing Cw were placed in a mold and
compressed at 155°C for 10 min to prepare thermally conductive
1D-Cw/PLA composites with dimension of 20 mm × 20 mm ×
2 mm. Fig. 1a shows the schematic illustration for preparation of
thermally conductive 1D-Cw/PLA composites. The axial direc-
tion of the Cw is denoted as the x-axis, while the radial direction
of the Cw, parallel to the upper surface of the sample, is denoted
as the y-axis. Fig. 1b presents the schematic illustration for
structures of thermally conductive 1D-Cw/PLA composites, and
the detailed information is provided in Table S1. In Group 1, all
the Cw are intact. In Groups 2–4, the diameters of the Cw are
0.4, 0.6, and 0.8 mm, respectively, and there are 0, 4, 8, 12, and
16 intact Cw in each group. Both Group 5 and Group 6 have
only 2 intact Cw, with the remaining 18 Cw in Group 5 broken
at the 3/4 position, while the broken position in Group 6 is at the
1/2 position.

Characterizations
The λ values of the thermally conductive 1D-Cw/PLA compo-
sites were measured using a thermal constant analyzer
(TPS2200, Hot Disk, Sweden) in accordance with the ISO 22007-
2:2015 standard. The temperature distribution of the thermally
conductive 1D-Cw/PLA composites was captured using an
infrared thermal imaging device (Ti 300, Fluke, USA). Addi-
tionally, COMSOL Multiphysics software was employed to
simulate the thermal conduction behaviors within 1D-Cw/PLA
composites.

RESULTS AND DISCUSSION

Number of thermal conduction pathways, the more the better?
Fig. 2a–c depict the in-plane λ (λ//) of thermally conductive 1D-
Cw/PLA composites with different numbers of intact Cw ther-
mal conduction pathways. With the same amount of Cw, the λ//
of 1D-Cw/PLA composites increases as the number of intact Cw
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thermal conduction pathways rises. For instance, when the
volume fraction of Cw is 25.1 vol%, the λ// of 1D-Cw/PLA
composites escalates from 2.26 to 4.23 W m−1 K−1 as the number
of intact Cw thermal conduction pathways surges from 0 to 20,
resulting in an enhancement of 87.2%. This enhancement can be
attributed to the greater number of intact Cw thermal conduc-
tion pathways, which provide more efficient channels for heat
transfer and improve thermal conductivities. Digital photo-

graphs of 1D-Cw/PLA composites, where the Cw are parallel
and intersect the entire composites, are illustrated in Fig. 2d–f.

Fig. 3a presents the infrared thermal images of thermally
conductive 1D-Cw/PLA composites (Group 4) arranged verti-
cally along the x-axis (Fig. S1a). The average temperature at the
top is depicted in Fig. 3a’. Sample 3 exhibits the most uniform
surface temperature distribution, whereas the other samples
display noticeable temperature differences at the breakpoints of

Figure 1 Schematic illustration for the preparation (a) and structures (b) of thermally conductive 1D-Cw/PLA composites.

Figure 2 λ// of thermally conductive 1D-Cw/PLA composites containing different numbers of intact Cw thermal conduction pathways (a–c), and digital
photographs of thermally conductive 1D-Cw/PLA composites (d–f).
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Cw. This discrepancy arises because the Cw thermal conduction
pathways in Sample 3 remain intact, and the λ of Cw
(~400 W m−1 K−1) is significantly higher than that of the PLA
matrix (~0.2 W m−1 K−1). Consequently, heat can efficiently
conduct along the Cw thermal conduction pathways and dis-
sipate to the surroundings, resulting in a uniform temperature
distribution within the samples. In contrast, 1D-Cw/PLA com-
posites in Group 4 possess broken Cw thermal conduction
pathways, leading to heat accumulation at the breakpoint and
prominent temperature difference on both sides of the break-
points. As shown in Fig. 3a’, the average temperature at the top
decreases with a decreasing number of intact Cw thermal con-
duction pathways inner 1D-Cw/PLA composites. This can be
attributed to the inefficient transfer of heat across the break-
points. Furthermore, the temperature above the breakpoints
progressively decreases as the number of broken Cw thermal
conduction pathways increases, resulting in a lower average
temperature at the top. Fig. 3b shows the infrared thermal
images of thermally conductive 1D-Cw/PLA composites
(Group 4), which are vertically oriented along the y-axis
(Fig. S1c). The corresponding average temperature at the top is
depicted in Fig. 3b’. The surface temperature of all 1D-Cw/PLA
composites gradually decreases along the y-axis, exhibiting
consistent temperature distribution at the same time. This
consistency arises from the similarity in the structure of 1D-Cw/
PLA composites along the y-axis, resulting in comparable heat

transfer processes. The findings highlight that a greater number
of intact Cw thermal conduction pathways inner 1D-Cw/PLA
composites facilitate superior thermal conduction along the
pathway direction. The number of Cw thermal conduction
pathways inner 1D-Cw/PLA composites significantly influences
thermal conduction along the x-axis but has minimal impact on
thermal conduction along the y-axis.

Length of thermal conduction pathways, the longer the better?
Fig. 4a presents the λ// of thermally conductive 1D-Cw/PLA
composites containing different lengths of Cw thermal con-
duction pathways. The λ// of 1D-Cw/PLA composites in Group 1
(1.28, 2.28, 4.23 W m−1 K−1) are significantly higher than those
of the corresponding composites in Group 5 (1.03, 2.11,
2.99 W m−1 K−1) and Group 6 (0.80, 1.69, 2.46 W m−1 K−1). This
discrepancy can be attributed to the fact that the 1D-Cw/PLA
composites in Group 1 possess 20 intact Cw thermal conduction
pathways, which enable efficient heat conduction. It is important
to note that Group 5 and Group 6 both feature 2 intact Cw, with
the remaining 18 Cw in Group 5 broken at the 3/4 position,
while in Group 6, the broken positions are at the 1/2 position.
However, when the volume fractions of Cw are the same, the λ//
of Group 6 are lower than those of Group 5, indicating that
longer Cw thermal conduction pathways make a greater con-
tribution to the thermal conductivity of 1D-Cw/PLA compo-
sites. Fig. 4b depicts the infrared thermal images of thermally

Figure 3 Infrared thermal images (a) and average temperatures at the top (a’) of thermally conductive 1D-Cw/PLA composites vertically placed along the x-
axis; infrared thermal images (b) and average temperatures at the top (b’) of 1D-Cw/PLA composites vertically placed along the y-axis.
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conductive 1D-Cw/PLA composites (with the Cw diameter of
0.8 mm and the Cw volume fraction of 25.1%), where the Cw
thermal conduction pathways have different breakpoints and are
horizontally placed on a heat source. The surface temperature
distribution of 1D-Cw/PLA composites is uniform and increases
with the duration of heating. This observation can be attributed
to the fact that the position of breakpoints in the Cw thermal
conduction pathways has minimal influence on the overall
thermal conduction when the 1D-Cw/PLA composites are
placed horizontally on the heat source. As the heating time
progresses, heat accumulation increases, leading to a rise in
temperature.

Fig. 5a presents the infrared thermal images of thermally
conductive 1D-Cw/PLA composites (with the Cw volume frac-
tion of 25.1% and the Cw diameter of 0.8 mm) that are vertically
oriented along the x-axis (Fig. S1a). The average temperature at

the top is displayed in Fig. 5a’. Sample 3 exhibits a relatively
uniform temperature distribution without significant tempera-
ture differences. However, both Sample 6 and Sample 9 display
noticeable temperature variations at the breakpoints of the Cw
thermal conduction pathways. The reason behind this observa-
tion is that the Cw thermal conduction pathways in Sample 3 are
all intact (Fig. S2), enabling efficient heat transfer along the x-
axis. On the other hand, Samples 6 and 9 have broken Cw
thermal conduction pathways, impeding efficient heat transfer
from the bottom to the top (Fig. S2) and leading to heat accu-
mulation at the breakpoints. Fig. 5a’ illustrates the heating rate at
the top of Sample 9, Sample 6, and Sample 3, which increases
successively. The main contributing factor is that Sample 3, with
all intact Cw thermal conduction pathways, exhibits the best
thermal conduction. Additionally, Sample 6 has a more pro-
nounced positive effect on thermal conduction along the x-axis

Figure 4 Influence of the length for Cw thermal conduction pathways on the λ// of thermally conductive 1D-Cw/PLA composites (a); infrared thermal
images of 1D-Cw/PLA composites (b).

Figure 5 Infrared thermal images (a) and average temperatures at the top (a’) of thermally conductive 1D-Cw/PLA composites vertically placed along the x-
axis; infrared thermal images (b) and average temperatures at the top (b’) of 1D-Cw/PLA composites vertically placed along the y-axis.
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compared with Sample 9, resulting in a faster heating rate than
Sample 9. Fig. 5b displays the infrared thermal images of ther-
mally conductive 1D-Cw/PLA composites (with the Cw volume
fraction of 25.1% and the Cw diameter of 0.8 mm) that are
vertically oriented along the y-axis (Fig. S2c). The average
temperature at the top is depicted in Fig. 5b’. All of the 1D-Cw/
PLA composites exhibit similar temperatures, with the bottom
temperature being significantly higher than the top temperature.
The primary reason for this phenomenon is the absence of Cw
thermal conduction pathways along the y-axis, which hinders
efficient heat transfer and leads to substantial heat accumulation
at the bottom of the composites. Fig. 5b’ illustrates that the top
temperature of the thermally conductive 1D-Cw/PLA compo-
sites remains relatively constant over time. This can be attrib-
uted to the structural similarity of the 1D-Cw/PLA composites
along the y-axis, where the breakpoints of Cw thermal con-
duction pathways have minimal impact on heat transfer. The
aforementioned results indicate that when the amount of Cw is
fixed, longer Cw thermal conduction pathways inner 1D-Cw/
PLA composites facilitate more effective heat conduction in the
direction of the Cw pathways.

Fig. 6 shows the thermal conduction simulation of thermally
conductive 1D-Cw/PLA composites. A detailed description of
the simulation modeling process can be found in the Supple-
mentary information (Fig. S3). The surface temperature of 1D-
Cw/PLA composites exhibits noticeable variation along the x-
axis, with temperatures decreasing as the distance from the heat
source increases. Additionally, the temperature of the Cw inner
1D-Cw/PLA composites is significantly higher than that of the
PLA matrix, and pronounced temperature differences are
observed at the breakpoints of the Cw thermal conduction
pathways. The main contributing factor to this phenomenon is
the poor thermal conduction of PLA, resulting in substantial
heat loss at the Cw-PLA interfaces during heat transfer. When
the heat flows along the Cw thermal conduction pathways
towards the breakpoints, maintaining efficient conduction
becomes challenging, leading to prominent temperature differ-
ences on both sides of the breakpoints. Fig. 6a’–c’ display the
minimum temperature recorded at the top of the thermally
conductive 1D-Cw/PLA composites. The obtained composites
containing intact Cw thermal conduction pathways exhibit the
fastest heating rate at the top, followed by composites with
broken Cw thermal conduction pathways at the 3/4 position and
1/2 position, respectively. This can be attributed to the longer
Cw thermal conduction pathways, which contribute more sig-
nificantly to thermal conduction and result in reduced heat loss.
The results of the thermal simulation emphasize that the thermal
conduction of polymer composites is primarily determined by
the presence of longer thermal conduction pathways. More
details of the simulation process are shown in Fig. S3 and
Equations S1 and S2.

Quantitative relation on thermal conduction pathways and
thermal conductivities
Fig. S4 demonstrates the impact of Cw volume fraction on the λ//
of thermally conductive 1D-Cw/PLA composites. The λ// of the
1D-Cw/PLA composites shows a linear increase with the volume
fraction of Cw, exhibiting a strong correlation (Pearson corre-
lation coefficient calculated using Equation S3 is 0.998). Speci-
fically, when the volume fraction of Cw is 25.1 vol% (consisting
of 20 Cw with a diameter of 0.8 mm), the λ// of 1D-Cw/PLA

composites reaches 4.23 W m−1 K−1, which corresponds to a
remarkable enhancement of 1527% compared with the λ// of the
pure PLA matrix (0.26 W m−1 K−1). This significant improve-
ment can be attributed to the substantial increase in Cw volume
fraction, which significantly strengthens the dominance of par-
allel-mode thermal conduction (Fig. S1b). Furthermore, the
series-mode thermal conduction (Fig. S1d) is also slightly
enhanced (specific data can be found in Table S2), contributing
to the overall enhancement in thermal conductivities of 1D-Cw/
PLA composites.

In this study, one thermal conduction model (Equations (1)–
(6)) has been proposed that incorporates key parameters
representing the number and length of thermal conduction
pathways. This model considers the impact of thermal conduc-
tion in both the x and y directions on the thermal conductivities
of 1D-Cw/PLA composites. The thermal conduction in the x
direction is greatly influenced by the number and length of Cw
thermal conduction pathways, while the pathways in the y
direction have minimal effect on heat conduction. Fig. S5a
presents a schematic diagram illustrating the heat flow along the
x direction through thermally conductive 1D-Cw/PLA compo-
sites. The equivalent thermal resistance is depicted in Fig. S5b. In
this representation, Rai and Rbi represent the thermal resistance
of the ai and bi thermal conduction pathways, respectively. Rpi
represents the thermal resistance at the breakpoints of thermal
conduction pathways, and Rp signifies the thermal resistance of
the polymer matrix. To account for the influence of the length of
thermal conduction pathways on the λx of 1D-Cw/PLA com-
posites, a coefficient related to the breakpoints position (σi) is
introduced in front of the Ri term Equation (2). By utilizing
Equations (1)–(6), the λxy of 1D-Cw/PLA composites were cal-
culated, and the results are presented in Table S3. The calculated
values of λ///λxy, which reflect the agreement between the cal-
culated and experimental results, have an average value of 1.01.
This indicates excellent prediction accuracy, as the average value
is very close to 1.
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Here, n represents the maximum number of intact thermal
conduction pathways. The diameter of the 1D thermal con-
duction pathways is denoted by D. The parameter σi represents
the position of breakpoints along the thermal conduction
pathways, which can vary between 0 and 1. To avoid a zero
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denominator, ε is introduced as an infinitesimal quantity. The
value Ri is associated with the thermal resistance of the thermal
conduction pathways. The volume fraction of thermal conduc-
tion pathways is represented by Vf. Furthermore, λf denotes the
thermal conductivity of thermally conductive fillers, with the λ
of Cw being approximately 400 W m−1 K−1. On the other hand,
λp corresponds to the λ of the polymer matrix, where that of PLA
is 0.26 W m−1 K−1.

Fig. 7 presents a comparison between the measured and pre-
dicted λ values for thermally conductive 1D-Cw/PLA compo-
sites. The measured λ values are higher than the predictions

from the series model, but lower than the predictions from the
parallel model. The predicted λ values from the geometric mean
model [41,42] exhibit a certain degree of agreement with the
measured values. However, our established thermal conduction
model demonstrates the optimal match between the predicted
and measured λ values. The primary reason for this is that the
parallel model (Equation S4) [43,44] and the series model
(Equation S5) [45–47] only consider heat transfer along a single
direction, which fails to account for the specific thermal con-
duction behavior of 1D-Cw/PLA composites. Although the
geometric mean model (Equation S6) incorporates heat transfer

Figure 6 Finite element simulations of thermal conduction (a–c) and temperature rise (a’–c’) for thermally conductive 1D-Cw/PLA composites.

Figure 7 Comparison of the measured and predicted λ of thermally conductive 1D-Cw/PLA composites.
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in both the x and y directions, it does not consider the influence
of thermal conduction pathway length. As a result, its predicted
λ values for 1D-Cw/PLA composites still do not accurately
match the actual values. In contrast, our established thermal
conduction model Equations (1)–(6) considers heat transfer in
both the x and y directions inner 1D-Cw/PLA composites.
Additionally, it considers the lengths and numbers of thermal
conduction pathways. As a result, our established thermal con-
duction model can accurately quantify the influence of thermal
conduction pathways on the thermal conductivities.

Based on the data in Table S3, by referring to the Mann-
Whitney U test (Supplementary information), it is concluded
that there is no significant difference between the values of λ//
and λxy at a significance level of 0.05. In other words, based on a
95% confidence level, there is no significant difference between
the predicted λ values obtained from our established thermal
conduction model and the actual λ values. Furthermore,
Table S4 presents the λ of this work and other published work
about Cu/polymer composites. It can be observed that the λ of
1D-Cw/PLA composites in this work exhibit significant advan-
tages compared with others, which can be attributed to the
optimized design of the thermal conduction pathways.

CONCLUSIONS
In summary, thermally conductive 1D-Cw/PLA composites with
controllable lengths and numbers of thermal conduction path-
ways have been successfully prepared using the 3D printing
technology. The influences of thermal conduction pathways on
the thermal conductivity are thoroughly investigated, and a
quantitative relationship between the above two factors is
established. It is observed that the λ// of thermally conductive
1D-Cw/PLA composites is positively correlated with the num-
bers and lengths of Cw thermal conduction pathways, while
maintaining the same amount of Cw. Specifically, when the
volume fraction of Cw is 25.1 vol%, the 1D-Cw/PLA composites
with 20 intact Cw thermal conduction pathways exhibit an
impressive λ// of 4.23 W m−1 K−1, which is 87.2% higher than
that of composites without intact Cw thermal conduction
pathways (2.26 W m−1 K−1), 72.0% higher than that of compo-
sites with short Cw pathways (2 intact Cw and 18 broken at the
half, 2.46 W m−1 K−1), and remarkably 1527% higher than that
of the pure PLA matrix (0.26 W m−1 K−1). Furthermore, one
improved thermal conduction model and an empirical equation
are proposed and established, and the predicted λ values show
no significant difference from the measured λ at a 95% con-
fidence level, indicating good agreement between model pre-
diction and the experimental results.
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3D打印调控铜线/聚乳酸复合材料的导热通路长度和
数量
马腾博1†, 阮坤鹏1†, 郭永强2*, 韩懿鑫1, 顾军渭1*

摘要 导热通路对理解导热高分子复合材料的导热行为至关重要, 但
目前有关导热通路属性(长度、数量)对高分子复合材料导热系数的影
响机制缺乏深入研究. 本文采用3D打印技术制备了铜线(Cw)导热通路
长度和数量可控的一维铜线/聚乳酸(1D-Cw/PLA)导热复合材料, 建立
了针对一维导热通路的高分子复合材料的导热模型, 明晰了其导热通
路属性与其导热性能的定量关系. 相同Cw用量下, 1D-Cw/PLA导热复
合材料的面内导热系数与导热通路的数量和长度呈正相关. 采用本文
构建的导热模型和经验方程对1D-Cw/PLA复合材料的导热系数进行预
测, 95%的置信度表明预测值与实测值无显著差异.
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