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Abstract: Multi-layer flexible and stretchable electronics have great potential in fields such as biomedicine,
wearable devices, and electronic skin. However, the development and application of multi-layer flexible and
stretchable electronics are hindered by issues such as poor conductivity, low stretchability, and difficulties in
manufacturing interlayer interconnects. In this paper, a highly conductive stretchable composite material suitable

for direct extrusion 3D printing of interlayer interconnecting wires was prepared by flexibly adding diethylene
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glycol (DEG) additives within the composite conductive materials of silver nanoparticles (AgNP), multi-walled
carbon nanotubes (MWCNT) and polydimethylsiloxane (PDMS). Benefiting from the high melting point of DEG, the
AgNP in the conductive composites can effectively aggregate and precipitate out of the surface during the curing
process, thus improving the electrical conductivity. The good solvent wettability balances the issues of material
structure collapse and 3D printer nozzle clogging, facilitating the 3D printing of interlayer interconnects.
Meanwhile, the large aspect ratio of MWCNT can stabilize the electrical connection between AgNP during the
stretching process. The resulting conductive material exhibits excellent conductivity (10* S-cm™) and stretchability
(Cycling over 1 000 times at 40% strain), which can achieve the printing of stretchable intralayer interconnects,
self-supporting 3D vertical interconnects, and 2.5D curved interconnects based on material extrusion 3D printing
technology. The stretchable composite paste developed in this study demonstrates good performance in flexible
electrothermal heating and flexible display arrays, confirming the promising application prospects of stretchable

conductive composite materials in the field of flexible and stretchable electronics, paving the way for the

EEMRER

development of 3D printed multi-layer flexible and stretchable electronics.

Keywords: stretchable; 3D printing; composites; interlayer interconnecting wires; multilayer flexible electronics
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Table1 Distribution ratios for each group of
conductive composites

Material Mass fraction/wt%
AgNP 71.30
MWCNT 0.18
PDMS 17.82
THF 7.10
DEG 3.60

Notes: AgNP—Silver nanoparticles; MWCNT—Multi-walled
carbon nanotubes; PDMS—Polydimethylsiloxane; THF—Tetra-
hydrofuran solvent; DEG— Diethylene glycol solvent.
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Fig.1 Materials of stretchable conductive composites: (a) Schematic internal morphology; (b) Schematic percolation morphology; ((c), (d)) Electron

microscopy of the micromorphology; ((e), (f)) Electron microscopy of the distribution of multi-walled carbon nanotubes (MWCNT);

(g) Elemental analyses
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Fig.2 (a) Micro-morphological changes of the surface of stretchable
conductive composites before and after curing; (b) Component mass

fraction ratio of the surface of stretchable conductive composites before

and after addition of diethylene glycol (DEG)
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Fig.3 Influence of silver nanoparticles (AgNP) content on the electrical

conductivity of stretchable conductive composites

4 Jy R[] AgNP 7 i 1) 5 Fi b B SEM EIE
AR A6 BE 53 B, 25 AgNP & BB, H AR #F
AE N T 1) 43 AT B AR R B, A R UK 2 ] X
DATE A R i 4, B0Y AT 3 A 15 TR A
L HRE 18055 . B AgNP &t , &
HL A A b REAE ST T B ) AgNP %% B85 A By 486 i
2 f AgNP 22 [H] B2 2 fil, AT K 7 i 3,
R AR b B R e rE L R R TR L SR,
G, AgNP 2 [8] A9 3 fih ik 2] 0 i AR A
EETHE B AgNP FI RIS, X S FRARH 5%,
[F) B 52 B RE BT ERRSE MR AR . B, &
P P AgNP 5 0 1] fi A S 2 A AR S
PEFIRLE L Ry E 2

S5RRT X AgNP &8 Hag&MET, A
il DEG 7t 4} ] v A 5 H 52 45 b ) I B 5 v ]



EaMB=ER

M

&4 ANJF] AgNP 7 i S HUEHIK SEM B14: (a)2.58; (b)3g; (c)4g; (d)5g; (e)6g

Fig.4 SEM images of conductive films with different AgNP contents: (a) 2.5g; (b)3g; (c)4g (d)5g (e)6g
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Fig.5 Influence of DEG content on the electrical conductivity of

stretchable conductive composites
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Table 2 Adhesion of stretchable conductive composites
with different AgNP contents

AgNP content/g Adhesion/B
2.5 5
3 5
4 5
5 2
6 0
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Fig. 6 Influence of AgNP content on the rheological properties of stretchable conductive composites: (a) Viscosity profile; (b) Flow profile
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Fig. 7 Influence of MWCNT content on the viscosity of stretchable

conductive composites
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Fig. 11 Influence of curing temperature and curing time on the electrical

conductivity of conductive composites
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Fig. 13 Tensile bending performance test of interlayer interconnecting wires printed from stretchable conductive composites
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wires in the printing layer

—m— 0.5 mm/s
1600 | 1.0 mm/s
1.5 mm/s
2.0 mm/s
£ 1200 [—<4—2.5mm/s
§ —8— 3.0 mm/s
~'§ —%— 3.5 mm/s
2 800 |
|
400 +
0 1 1 Z 1 1 [EAN 1
0.15 /0./20 0.25 0.30 0.35 \\\0.40
ol Air pressure/MPa N
1200 << AN
1050 +
£ 900 |
S
=
2 L
S 750
Q
R
= 600 G
450 +
300

Speed/(mm-s™)
[ 15 FTENEXTFTENJZ N HI LR S8 R oM AL
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interconnecting wires in the printing layer
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((e)-(g)) Morphological characteristics and tensile effects of conductive films with different patterns
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Fig. 24 (a) Transparent electric heating effect diagram; (b) Effect diagram and performance demonstration of 2.5D structure flexible display light array;
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(c) Tensile deformation test of 2.5D structure flexible display light array; (d) Bending deformation test of 2.5D structure flexible display light array
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