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1. Introduction 
Stretchable and flexible electronics have received great interest for multiple applications ranging from 

wearable electronics, soft robotics, displays to bioelectronics [1], [2].  The increasing demand for 

flexible microelectronic systems requires the development of flexible circuits with interconnections 

that can withstand mechanical stresses under high strains [3]. Various nanocomposite materials and 

elastic polymers such as polyimide, polyethylene naphthalate and polyethylene terephthalate are 

currently being investigated as soft substrates for fabrication of flexible electronic devices with 

stretchable interconnections linking electronic parts [4].  

PDMS elastomer is an excellent candidate for flexible electronics due to its stretchable and bending 

characteristics [5]. However, the integration of circuitry is a challenge due to the difficulty encountered 

in directly depositing a conductive material. Frequently, cracks are formed in the photoresist during 

photolithography and in the metal during the sputtering processes [6]. Moreover, adhesion is poor and 

additional adhesion layers, bonding agents and multiple processing steps (lift-off and etching), are 

required to achieve a crack-free photoresist and metal patterning on PDMS [7]. Expensive vacuum 

techniques such as e-beam evaporation or sputtering are used for metal deposition on PDMS-based 

substrates. Direct metal transfer technology is another example of metal deposition onto polymer 

substrates. However, this method usually requires an additional rigid substrate (e.g. glass and silicon 

wafer) to prepare metal patterns prior to their transfer onto PDMS substrates [8]. An economic and 

simple technique is therefore needed to provide a high metal-to-PDMS surface adhesion that remains 

conductive whilst the substrate undergoes bending and stretching deformations. The formation of 

conductive features by direct metallization triggered by light patterning addresses these issues [9].  

In this work, we have developed a rapid technique for the direct metallization of PDMS substrates by 

reliable photolithography and electroless copper plating methods. Fig. 1 shows the newly developed 

photo-patterning and metallization steps. Modified DNQ-novolac photoresist polymer (hereafter - 

polymer) was mixed with AgClO4 salt, which was thermally reduced to Ag nanoparticles (NPs) inside 

the polymer during a hard bake step [4]. Crack-free metal patterns are achieved through optimization of 

photolithography parameters. Analysis of cracking and buckling formations in polymer and metal films 

related to under-optimized and non-optimized fabrication parameters has been performed, through the 

study of the optical micrographs. The electromechanical behaviour of metal patterns on PDMS was 

investigated by measuring changes in electrical conductivity in response to strain and bending cycling 

deformations, As a proof of concept, we demonstrate a flexible light emitting diode (LED) circuit 

fabricated by the developed metallization method and show the circuit working during the bending test.  
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PDMS and polymer/Ag NPs prior to metallization. Careful control of the baking temperature allows 

crack elimination. Fractures were avoided during soft and hard baking processes by utilizing 

homogenous heating and cooling in an oven by applying temperature ramping of 5°C/min.  

Compressive stress can also build up during the cooling process which results in buckling or wrinkle 

formations [14]. The temperature chosen during the hard baking step is to promote thermal reduction of 

Ag(I) to Ag NPs. At 190°C, buckles were developed (Fig. 2 c-d), however, decreasing the temperature 

down to 150°C reduced buckling formation. Fig. 3 shows received crack-free polymer/Ag NPs patterns 

which lead to crack-free copper metal patterns on PDMS surface. 

 

 
Fig. 2. Study of optical micrographs for PDMS fractures due to sudden baking temperature changes (a) polymer/Ag NPs patterns 

and (b) copper metal patterns.  Buckle formations due to 190°C hard baking temperature (c) polymer/Ag NPs patterns and (d) 

copper metal patterns. 

 
Fig. 3. Study of optical micrographs: (a) polymer/Ag NPs film baked at 150°C, (b) copper metal film, (c) polymer/Ag NPs 

pattern baked at 150°C, (d) copper metal pattern. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

3.2 Mechanical and electrical properties  

The formation of strong adhesion between the copper layer and PDMS is important for mechanical and 

electrical stability. The fabricated copper film on PDMS substrate has a strong adhesion and passes the 

scotch-tape tests. The mechanical properties of copper micropatterns on PDMS substrate is further 

tested with application of the uniaxial longitudinal strain parallel to the direction of the copper micro-

lines. Fig. 4 shows a development of strain-induced cracking in copper patterns on PDMS substrate as 

a function of the applied uniaxial strain. At zero strain, no process-induced cracks are observed. The 

strain-induced cracks start forming at 10% applied strain. As the applied strain increases, the density of 

cracks increases (Fig. 4g). The increase of the applied strain results in an enlarged crack width. The 

arrows in Fig. 4 (d-e) show the visual comparison between the crack widths due to the increase of the 

consecutive applied strain.  

 

 
Fig. 4. Development of the strain-induced cracks in copper micropattern due to applied uniaxial strain. Strain is applied parallel 

to the copper line patterns. From (a) to (f) the applied strain varies from 0% to 25%. (g) Density of strain-induced cracks as a 

function of the applied strain. (h) laboratory-made mechanical strain machine. 

 

Fig. 5a shows the electromechanical behaviour of the copper film as a function of the applied strain. At 

zero strain, the conductivity of the copper film is (3.6 ± 0.7) ×107 S/m. The conductivity drops to (2.5 ± 

1.3) ×107 S/m at 10% strain. The longitudinal applied strain leads to the formation of horizontal micro-

cracks in the copper film. Therefore, formed micro-cracks contribute to a reduction in the electrical 

conductivity. Further increase in the strain leads to a more discontinuous copper film with a 

conductivity approaching (0.5 ± 0.5) ×107 S/m at 15% applied strain. To further study the 

electromechanical behaviour of the copper film on the PDMS substrate, mechanical cycling tests were 

performed. Fig. 5b shows a change in normalized resistance (R/R0) as a function of the bending cycles. 

Copper films were bended to 2.5 and 5.0 mm amplitudes. The resistance increased by almost 1.4 times 

when copper film was bended for 1,000 cycles for both bending amplitudes. As the bending proceeded, 

the change in resistance increased and the conductivity dropped by a factor of two when copper film 
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was bended to 2.5 mm amplitude and a factor of 4.5 when copper film was bended to 5.0 mm 

amplitude, after 10,000 cycles. 
 

 

Fig.5. Dynamic electromechanical analysis of the copper-plated PDMS films.  (a) Change in conductivity as a function of the 

applied strain. The insets show a copper film with the direction of the applied strain and a set up for resistance measurement with 

two-point probe. (b) Change in resistance during 10,000 cycling test for 2.5 mm and 5 mm amplitudes. The inset shows a 

cantilever with the movable and fixed clamps with a clamped film. 

3.3 Application. Interconnections and flexible electronic circuit  

Copper-plated PDMS was tested as a flexible LED circuit. Fig. 6a shows electroless copper 

interconnections fabricated on 1 mm thick PDMS substrate. An LED and battery were attached to the 

interconnections to form an electronic circuit (Fig.6b). With the battery on, we observed the LED to 

light up. A static bending test was further performed to study the electrical properties of the electroless 

copper interconnects on the PDMS surface (Fig.6 c-f). The electroless copper interconnections are 

located on the compressive side of the curvature. Normal LED operating mode was observed while the 

circuit was bent to 45°, 90°, 135° and 180°.  During the static bending, interconnections remained 

conductive and LED remained switched on up to 180° bending angle.  

 
Fig. 6. Application of the PDMS metallized with copper composite. (a) Interconnections, (b) LED electronic circuit, (c-f) static 

bending tests of the flexible LED circuit. 
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