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A B S T R A C T   

Flexible electronics (FE) is attracting great attention from both scientific and industrial communities, and plays a 
crucial role in smart device applications. Despite great promise, traditional printing approaches (e.g., screen 
printing, ink-jet printing, etc.) often need a high-temperature post-sintering process to produce FE with desired 
electrical conductivity and adhesion strength. The post-sintering processes, however, often lead to fast oxidation 
of the functional coating while limiting the use of low-thermal budget substrates. Exponential advance of FE in a 
large-scale and energy-efficient manner relies on rationally eliminating the post-sintering processes. To this end, 
with the aim of uncovering process-structure-properties relationships, we employ the emerging cold spray (CS) 
technique for rapid and scalable production of FE without a need for high-temperature post-sintering. In this 
regard, micron-scale Tin (Sn) particles are directly written on a flexible polymer substrate (PET) by cold spraying 
under ambient conditions. The effect of CS process parameters on the resultant coatings is comprehensively 
characterized in terms of microstructure, film thickness, electrical conductivity, linewidth, and adhesion 
strength. The resulting electrodes show excellent electrical conductivity (6.98 × 105 S m-1), adhesion strength, 
long-term stability, and flexibility without significant conductivity loss after 1000 bending cycles. By leveraging 
the CS operational settings, a resistive macro-heater (12 × 15 cm2) and an LED circuit (2.5 cm × 18 cm) are 
fabricated to demonstrate the applicability of the CS in printed FE. Moreover, to address the low-spatial reso-
lution of CS writing, a case study on sequential CS and femtosecond laser machining is performed, which further 
led to ultra-high resolution (i.e., 30 µm linewidth) custom-designed flexible electrodes. Thus, the present study 
reveals the immense potential of the CS technique for rapid and scalable production of FE without the need for 
post-sintering.   

1. Introduction 

Flexible electronics (FE) are attracting great attention in both in-
dustry and academia, offering large-scale, low-cost, and smart devices 
on various substrates [1–5]. In particular, revolutionary changes in the 
internet of things (IoT), Industry 4.0, and wearable electronics 

synergistically shift the paradigm from rigid to flexible electronics 
[6–9], leading to an increasing demand for low-cost, high-throughput, 
and energy-efficient manufacturing approaches for FE. In general, FE is 
produced using additive manufacturing (AM) methods mainly based on 
thin-film printing technologies to deposit the functional coating mate-
rials (i.e., typically nanomaterial inks containing nanoparticles, nano-
wires, or nanotubes [1]) on surfaces in various designs without a need 
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for etching and masking [3,10]. AM enables low-cost rapid prototyping 
of FE with desired features by minimizing the increasing number of 
electronic waste [3,11]. 

Current AM approaches in producing FE involve the use of either 
inkjet printing, screen printing, gravure printing, blade coating, aerosol 
jet printing, dip-pen lithography [12], or hybrid printing methods 
[13–18]. These methods transfer the functional inks (e.g., nanomaterial 
suspension or colloids) on flexible substrates either by physical contact 
(e.g., screen, gravure, blade printing) or non-contact (e.g., inkjet, aerosol 
jet printing) [19]. Despite great promise, these methods often require a 
high-temperature post-sintering process to increase the electrical con-
ductivity and mechanical adhesion of the resultant functional coatings, 
thereby limiting the use of important low thermal-budget substrates 
such as polyethylene terephthalate (PET) and polyethylene naphthalate 
(PEN) [1,3]. In addition, post-sintering of metal inks leads to undesir-
able fast oxidation/corrosion of the resultant coating film [1]. As such, 
the exponential advance of printed FE relies on rationally eliminating or 
replacing the post-sintering processes with such methods that enable 
direct writing of functional materials on the target surface. 

Herein, supersonic cold spraying, which is an emerging solid-state 
material consolidation technique, can be a promising candidate to 

Nomenclature 

A Area 
L Length 
N Number of spray pass 
P Pressure 
R Resistance 
R/R0 Relative resistance 
S Siemens 
T Temperature 
Tg Glass transition temperature 
t Thickness 
w width 
σ Conductivity 
v Specific volume 
ρ Resistivity 
Ω Ohm  

Fig. 1. (a) Schematic of a typical low-pressure cold spray setup and process, (b) Morphology of the feedstock Tin (Sn) particles at lower magnification (left panel) and 
higher magnification (right panel), (c) representative images of the cold spray experimental setup. 
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address the limitations of current printing approaches owing to its 
inherent advantages, including low-operating temperature, high depo-
sition rate, high adhesion strength, and scalability [20–22]. As illus-
trated in Fig. 1a, a typical cold spray (CS) setup consists of a compressed 
gas supply, a supersonic nozzle (i.e., converging-diverging nozzle), 
feedstock material (i.e., typically micron-scale metal powders such as 
copper, aluminum, tin, zinc, steel, etc.), and a powder feeder. Tradi-
tionally, in the CS process, micron-scale (5–50 µm) feedstock metal 
powders are accelerated to supersonic velocities (i.e., 300–1200 m/s) 
through a converging-diverging nozzle using compressed gases (e.g., air, 
nitrogen, helium) followed by the impact onto a target substrate (e.g., 
polymer, metal, ceramic, composite) [23–26]. Upon particles’ impact on 
the target exceeding a critical impact velocity, the particles undergo 
plastic deformation (bonding), resulting in a dense and high-adhesion 
strength coating [24,27–30]. The unique advantages of the CS tech-
nique are its “low-operating temperature” and “high-adhesion strength”, 
which are highly-desired printing features in FE. In particular, the pro-
cessing temperature of CS is always below the melting point of the 
feedstock particles, thereby “cold spray” is an oxidation-free process 
with a low risk of thermal degradation, and grain growth [31,32]. In 
addition, high-speed impingement of the feedstock materials facilitates 
the self-bonding of the particles onto the target surface, which leads to 
strong adhesion strength coating due to the particles’ kinetic energy 
dispersion over the substrate surface [29]. As such, CS can be a prom-
ising candidate for rapid printing of functional materials on low-thermal 
budget substrates such as PET in a manner that high-performance FE 
could be rapidly produced without a need of post-sintering. 

However, to the best knowledge of the authors, only a few studies 
have been reported on “solid-state” CS deposition of metal particles on 
polymer surfaces for FE [33,34]. Lee et al. [33] cold sprayed microscale 
copper (D50 = 6 µm) and nickel (D50 = 1.64 µm) powder mixture on the 
flexible PET surface at an inlet gas pressure (P) of 0.4 MPa and gas 
temperature (T) of 450–650℃ with the spray pass number (N) of 15–20. 
Bhattacharya et al. [34] designed a micro cold spray device for the 
deposition of metal patterns on various substrates (e.g., polyimide, 
PEEK, glass, etc.) for printed electronics, and they investigated the 
spraying compatibility between coating material and substrate under 
the spraying conditions of P = 0.55 MPa and T = 250℃ [34]. Seongpil 
et al. [29] modified the downstream injection of the traditional CS 
nozzles to spray the “liquid-state” nanomaterial suspensions (e.g., silver 
nanowires, copper nanoparticles) from atomized droplets, and applied 
this approach to produce FE such as photocathodes, wearable soft sen-
sors, and supercapacitor electrodes at CS operational settings of 
P = 0.2–0.4 MPa, T = 200–450 ℃, and N = 10–25 passes [35–37]. 
Despite significant outputs, deployment of CS in FE remains challenging 
due to a lack of literature that comprehensively uncovers the 
process-structure-property relationships of the CS deposition process for 
printed FE. Moreover, in cold spraying, it is essential to achieve 
high-performance FE at low-gas temperatures (e.g., room temperature) 
with a single-spray pass to compete with other commercially available 
printing technologies. 

In this study, we aim to fill this gap by thoroughly investigating 
emerging solid-state CS particle deposition technology for printed FE. In 
this regard, micron-scale Tin (Sn) particles are directly cold sprayed 
onto the flexible PET surface at room temperature under vacuum-and 
mask-free conditions without a need for post-sintering process. Resul-
tant coating properties are comprehensively studied in terms of micro-
structure, electrical resistance, film thickness, linewidth, surface 
roughness, and adhesion strength. The key research contributions of the 
present study are: 1) for the first time, CS deposition of micron-scale Sn 
particles on PET polymer surface at low temperatures is systematically 
studied for printed FE; 2) process-structure-property relationships of CS 
for FE is elucidated; 3) with an aim toward industrial applications, a 
millimeter-scale bendable resistive heater and an LED circuit are con-
structed as the FE applications to demonstrate the viability of CS in 
device fabrication; 4) potential of CS in sustainable repairing of 

damaged FE is discussed in terms of ever-increasing number of elec-
tronic waste; 5) compatibility of CS with the fabrication of multi- 
material coatings is evaluated; 6) performance of CS with its pros and 
cons is analyzed against traditional printing methods; 7) a case study on 
sequential CS and femtosecond laser machining (cutting) is performed to 
address the low-spatial resolution of CS; 8) high-resolution (i.e., 30 µm 
linewidth) custom-designed flexible electrodes with ultra-fine features 
are achieved through the proposed sequential CS and laser machining 
approach to show the scalability of CS in flexible electronics. 

2. Materials and methods 

2.1. Materials 

Commercial micron-scale feedstock Tin (Sn) particles (Centerline- 
SST Inc., Catalog No: SST-S6001) were used as received without any 
further treatment. As shown in Fig. 1b, the morphology of the particles is 
in quasi-spherical shape, having a size distribution of 10–45 µm where 
the average diameter (d50) is 17 µm [38]. Sn was selected as the coating 
material owing to its intrinsic physical and chemical properties of: (i) 
high corrosion resistance [39,40]; (ii) low melting temperature (232 ℃) 
[41]; and (iii) soft nature (≈ 7 ±1 HV [42]) to facilitate the self-bonding 
onto the target polymer surface. Although copper (Cu) can be also 
considered as the feedstock candidate for FE due to its higher electrical 
conductivity as compared to Sn, achieving electrical conductivity by 
cold spraying of Cu on thermoplastics such as PET remains challenging 
due to the material jetting phenomenon [43]. In detail, the impingement 
of relatively hard particles (e.g., Cu (68 ± 7 HV) [42]) onto a soft 
polymer substrate (e.g., PET) leads to localized melting (i.e., polymer 
jetting) on the polymer surface without achieving self-bonding of Cu 
particles (see Fig. S1a-c, Supporting Information). The polymer jetting 
and poor-bonding phenomena further act as a separator among the 
particles (Figs. S1b-c, Supporting Information), which prevents contin-
uous electrical conductivity. The authors also observed that phenome-
non in Refs [44,45], in which irregular-shaped Cu particles are cold 
sprayed onto the rigid ABS and Nylon 6 (polyamide) substrates, result-
ing in no electrically conductive coating by solely CS. 

On the one hand, silver (Ag) is widely used as the functional ink in FE 
owing to its superior electrical conductivity and corrosion resistance 
with less reactivity as compared to Cu and Sn [1]. These functional Ag 
inks, however, are in a suspension form of either silver nanoparticles 
(AgNPs) or silver nanowires (AgNWs), thereby it is not applicable for 
traditional “solid-state” cold spraying applications. Although there are 
commercially available solid-state Ag powders in various sizes, the high 
cost of these powders (i.e., 50 g of Ag powder in a size range of 2–3.5 µm 
= $261 [46]) limits their pragmatic use in CS applications. Taken 
together, in the present study, we selected the Sn particles as the 
appropriate feedstock material for direct writing of FE at low tempera-
tures without a need of high-temperature post-sintering. 

As for the substrate material, polyethylene terephthalate (PET) sheet 
having a thickness of 0.25 mm (McMaster-Carr) was used as the flexible 
substrate owing to its common use in printed electronics, and inherent 
advantages including low-cost, low surface-roughness, recyclability, and 
optical transparency [4]. Despite its advantages, PET has a significantly 
low glass-transition temperature (Tg) (i.e., 80 ℃) [4], which limits the 
post-sintering of this important substrate to increase the electrical con-
ductivity and mechanical adhesion strength. Moreover, repairing the 
damaged printings (electrodes) on the PET by the conventional solder-
ing (e.g., iron-lead soldering) methods remains challenging due to the 
low-thermal budget of PET polymer. Alternatively, employing the CS 
technique at low-processing temperatures (< 80℃) using soft and 
low-melting temperature feedstock materials such as Sn could address 
these problems without significantly compromising the intrinsic sub-
strate (PET) and printing properties. In this regard, to uncover 
process-structure-property relationships with an aim toward industrial 
applications, the following sections are devoted to studying the CS 
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technique for rapid and scalable production of printed FE. 

2.2. Experimental setup and methodology 

A low-pressure cold spray machine (Rus Sonic Inc., Model no: K205/ 
407 R) was employed in particle deposition experiments using the 
axisymmetric (circular-shaped) nozzle configuration with the di-
mensions of: convergent length= 10 mm; throat diameter = 2.54 mm; 
divergent length= 130 mm; and outlet diameter= 4.5 mm. The CS 
nozzle was mounted on a programmable multi-axis robot arm (Kuka KR 
Agilus) enclosed with a dust collector to precisely control the particle 
deposition process. The CS experimental setup is presented in Fig. 1c. 
The effect of CS operating parameters on important coatings properties 
(i.e., electrical conductivity, coating thickness, linewidth, adhesion 
performance) was carefully investigated. The CS parameters and asso-
ciated information used in this study are listed in Table 1. Air was used 
as the driving (propellant) gas. Sn particles were fed into the down-
stream of the nozzle at a feed rate of ≈12 g/min, and CS experiments 
were conducted at room temperature under vacuum-and mask-free 
conditions. For each characterization, five-set of cold spray-coated 
specimens were prepared to average the outputs and calculate the 
standard deviations. 

The electrical resistance of the resultant coatings was measured by 
the two-point probe method using a multimeter (Agilent/HP 34401A). 
The coating film thickness was measured by a digital micrometer 
(REXBETI) having a resolution of 1 µm. The microstructure analysis of 
the surface and cross-sectional morphology of the coatings was con-
ducted by optical microscopy (OM) and scanning electron microscopy 
(SEM) equipped with an X-ray (EDX) detector (Hitachi S-4800). For the 
cross-section SEM analysis, the samples were cut with an ultra-thin and 
extremely sharp razor blade followed by platinum sputtering to avoid 
the over-charging effects during the SEM characterization. The surface 
roughness of the coatings was characterized by a surface roughness 
tester (AMTAST). Both cross-cut and Scotch tape adhesion tests based on 
the ASTM D3359 standard were conducted to evaluate the adhesion 
properties of the as-cold sprayed Sn layers. The performance charac-
terization of the fabricated flexible macro-heater was carried out using 
an infrared (IR) camera (FLIR A300). The surface of the specimens was 
cleaned with ethanol before and after the CS experiments to prevent 
possible contamination. All characterization studies were conducted at 
room temperature. 

3. Results and discussion 

This section discusses the effect of cold spray operating parameters 
(i.e., gas pressure, nozzle speed, spray distance, and number of the spray 
pass) on resultant coatings in terms of electrical conductivity, film 
thickness, linewidth, surface roughness, and adhesion strength. Next, 
various FE circuits are fabricated to demonstrate the versatility of CS in 
printed FE. Lastly, a case study on sequential CS and ultra-fast laser 
machining is conducted to address the low-spatial resolution issue of CS. 

3.1. Effect of gas pressure on resultant coating 

Fig. 2a shows the effect of driving gas inlet pressure (P) on particles’ 

impact velocity, coating thickness, and electrical resistance. Successful 
CS coating was achieved at the inlet gas pressure of ≥ 0.6 MPa while no 
deposition was observed for P ≤ 0.5 MPa. Considering that there exists a 
critical velocity (Vcrit) to achieve successful CS deposition on the target 
surface [47–50], identifying Vcrit for Sn particle deposition on the PET 
surface is important to precisely define the optimal operational spraying 
conditions. To this end, we calculated the impact velocity of Sn particles 
at different inlet gas pressures in a range of P = 0.4–0.7 MPa using a 
two-disc plate (rotary) system as shown in Fig. S2 (Supporting Infor-
mation), where the spray distance is 30 mm. The details of the two-disc 
plate setup can be found in our previous work [51] and the Supporting 
Information of this study. As seen in Fig. 2a, the particles’ impact ve-
locity increases as the gas pressure rises due to the kinetic energy gain of 
the gas at higher pressures. The successful deposition occurs at 
P ≥ 0.6 MPa, where the average impact velocity of particles is measured 
at around 415 m/s. Conversely, no deposition was achieved at 
P < 0.5 MPa, which can be explained by the insufficient kinetic energy 
gain of the particles for a successful bonding on the substrate surface. 
Instead of deposition, particles eroded the substrate surface at low 
pressures (≤ 0.5 MPa) (see Fig. S3a, Supporting Information). 

An unstable region was also experienced for the pressure range of 
0.5 < P < 0.6 MPa, resulting in the disruptive or non-uniform coating as 
given in Fig. S3b, Supporting Information. In cold spraying, erosion of 
the target surface takes place when the particles’ impact velocity is 
lower and also significantly higher than the Vcrit [47]. Thus, there exists 
a window of deposition bounded by the critical velocity and the erosion 
velocity for an effective CS process [51–54]. In this regard, we calcu-
lated the particles’ impact velocity as 390–515 m/s for effective CS 
deposition of Sn particles (5–45 µm) on the PET surface at room tem-
perature. The moderate impact velocities (i.e., 350–390 m/s) led to 
unstable or disruptive coating. Below the impact velocity of 350 m/s, no 
deposition was observed, instead, particles eroded the substrate surface. 
As such, Fig. 2a provides useful information to minimize the 
trial-and-error processes for identifying successful CS operating pressure 
for Sn particle deposition on the PET polymer surface at room 
temperature. 

As for electrical resistance and coating thickness, higher gas pres-
sures (≥ 0.6 MPa) led to thicker coatings with lower resistance. It is 
likely attributed to a sufficient impact velocity of particles at higher gas 
pressures to achieve effective particle bonding on the target surface (see  
Fig. 3a). In addition, the resistance is inversely proportional to the 
coating thickness according to the resistance formula in Eq. (1) where ρ 
is the resistivity, L is the length, w is the width, and t is the thickness, 
which also explains the decreasing trend in the electrical resistance at 
higher gas pressures. Taken together, inlet gas pressure of P = 0.7 MPa 
led to the lowest resistance (i.e., highest electrical conductivity) and 
uniform coating thickness with less standard deviation. For the 
following characterization studies, we selected the inlet gas pressure of 
P = 0.7 MPa owing to the prominent properties of the resultant coatings 
for FE at this gas pressure. 

R = ρ L
wt

(1)  

3.2. Effect of nozzle speed on resultant coating 

Fig. 2b shows the effect of nozzle speed (NS) on resistance, thickness, 
and linewidth of the resultant coatings where the spray distance is 
constant at 30 mm. As seen in Fig. 2b, resistance tends to rise with 
increasing nozzle speed, which is attributed to the existence of less 
amount and non-uniform deposition on the target surface at higher 
nozzle speeds (e.g., NS=150 m/s), (see Fig. S3c, Supporting Informa-
tion). Conversely, the coating thickness decreases as the nozzle speed 
increases due to the short interaction time of the sprayed particles with 
the target surface, which results in less particles deposited on the sur-
face. The cross-section SEM images in Fig. S3d (Supporting Information) 

Table 1 
Cold spray process parameters involved in the experiments.  

Driving gas Air 

Driving gas pressure (MPa) 0.4, 0.5, 0.6, 0.7 
Driving gas temperature (℃) 25 
Powder feed rate (g/min) ≈ 12 
Nozzle transverse speed (mm/s) 20, 30, 40, 50, 75, 100, 150 
Spray distance (stand-off distance) (mm) 10, 20, 30, 40, 50 
Number of spray pass 1, 2, 3, 4, 5  
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also correlate this trend and printing film thickness measurements at 
various NS. The results are comparable with the studies concluding that 
the coating thickness is inversely proportional to the nozzle speed [55]. 
It is noteworthy that electrical resistance does not critically change at 
the relatively lower nozzle speeds (i.e., 20–75 mm/s), whereas it sharply 
increases at elevated nozzle speeds (i.e., 100–150 mm/s). Possible rea-
sons are less particle deposition as compared to lower nozzle speeds and 
non-uniform coating morphology throughout the CS patterning 
(Fig. S3c, Supporting Information). As for the line resolution, coating 
linewidth decreased in a quasi-linear trend with increasing NS, resulting 
in a smaller linewidth (2–3 mm). Although higher nozzle speeds 
(100–150 mm/s) led to higher resolution patterning, it resulted in less 
coating thickness and electrical performance with high standard devi-
ation, which cannot be desired for FE applications where accurate and 
robust performance is needed. 

As such, the nozzle speed should be carefully determined considering 

the manufacturing and application needs where the coating uniformity, 
conductivity, and resolution are critical. In the present study, for the 
next characterizations, we selected the nozzle speed of 75 mm/s due to 
its moderate coating thickness, the low standard deviation in resistance 
and line resolution, and most importantly high-throughput 
manufacturing aspects and energy economics owing to relatively high- 
speed patterning for printed FE. 

3.3. Effect of spray distance on resultant coating 

The influence of spray distance (SD), also known as nozzle stand-off 
distance, on the coating characteristics was studied at constant pressure 
(0.7 MPa) and nozzle speed (75 mm/s). As seen in Fig. 2c, shorter spray 
distances (SD < 30 mm) resulted in lower electrical resistance and larger 
coating thickness. The lowest resistance and highest coating thickness 
were obtained at the spray distance of 10 mm. It is likely attributed to 

Fig. 2. Effect of (a) inlet gas pressure, (b) nozzle transverse speed, (c) spray distance, (d) the number of spray passes on electrical resistance, coating thickness, line 
width, and surface roughness; (e) The relative resistance change (R/R0) versus different bending radius under 1000 bending cycles; (f) Resistance of the Sn coating 
under multiple peeling tests; (The average electrode length (L)= 30 mm and width (w)= 5 mm, where P: pressure, NS: nozzle speed, and SD: spray distance). 
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better focusing of the spray jet onto the target surface at lower spray 
distances, resulting in more compact particle deposition as shown in 
Fig. 3b. A high standard deviation in resistance was observed at the 
spray distance of 40 mm due to non-uniform coating morphology. An 
excessive rise in spray distance beyond a threshold (i.e., > 40 mm) 
generated disruptive discontinuities on the coating surface as shown in 
Fig. 3c, resulting in no conductive traces on the polymer surface. As seen 
in Figs. S4a-b (Supporting Information), severe local porosity was 
observed in the coating at SD= 50 mm, which would mainly be 
responsible for the poor conductivity. In addition, the coating discon-
tinuities and pores can be attributed to falling gas velocity due to 
negative drag force at higher spray distances, which results in a signif-
icant decrease in the particles’ impact velocity less than the Vcrit [56]. Li 

et al. [57] also reported that deposition efficiency (DE) of the CS process 
and coating thickness decrease with the increase of spray distance. We 
also experienced the same phenomenon, in which the particles were able 
to impinge on the polymer surface, but no completely continuous Sn 
consolidation (bonding) was achieved at SD= 50 mm (Fig. S4b, Sup-
porting Information). The linewidth measurements in Fig. 3c also 
correlated with this trend having less coating thickness and linewidth at 
larger SD (e.g., 40 mm), indicating lower DE as compared to smaller SD 
(i.e., 10–30 mm). 

Besides, the bow-shock - a shock region that inherently forms at the 
particles’ impingement zone between the supersonic jet and the sub-
strate- is one of the most important phenomena affecting deposition 
quality and efficacy in cold spraying [50,58–61]. Pattison et al. [58] 

Fig. 3. Microstructures of the resultant coatings at various CS conditions; (a) P = 0.7 MPa, NS= 75 mm/s, SD= 30 mm, N = 1, (b) P = 0.7 MPa, NS= 75 mm/s, 
SD= 10 mm, N = 1, (c) P = 0.7 MPa, NS= 75 mm/s, SD= 50 mm, N = 1, (d) P = 0.7 MPa, NS= 75 mm/s, SD= 10 mm, N = 5. 
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showed that there are three important regions (i.e., small, medium, and 
large) in cold spraying as a function of spray distance (SD) that de-
termines the deposition efficiency (DE). In detail, the shorter SD leads to 
a lower impact velocity due to the severe effect of the bow-shock [58]. 
We also experienced this phenomenon in which no successful deposition 
was achieved at SD ≤ 5 mm. On the other hand, a further increase in SD 
more than a threshold distance significantly drops the particles’ in-flight 
and impact velocity due to the negative drag force, resulting in low DE 
[57,58]. We observed a similar trend for the SD > 40 mm, which led to a 
disruptive coating on the PET polymer surface (see Fig. 3c). The results 
are comparable with the reported literature on the bow-shock phe-
nomenon and stand-off distance [57,58]. Taken together, in the present 
study, the spray distance of 10 mm produced better focusing of the spray 
jet, resulting in thicker, uniform, compact, and more precise patterning 
on the polymer surface. 

3.4. Effect of the number of spray pass on resultant coating 

Fig. 2d shows the variation of resistance, thickness, and surface 
roughness (Ra) of the resultant coatings against the number of spray 
passes (N). One result is that increase in the number of spray passes led 
to a thicker coating due to the existence of more deposited particles on 
the substrate surface. Particularly, for the number of spray passes up to 
N = 3, the electrical resistance decreases as the coating thickness in-
creases, obeying the resistance formula (i.e., R=ρL(w.t)-1). However, for 
N > 3, the resistance began increasing with a higher standard deviation, 
which indicates potential erosion and/or non-uniformities formed on 
the coating. The microstructure of the specimen (spray pass, N = 5) in 
Fig. 3d confirms the local erosions/pores on the coating. Moreover, the 
surface roughness results reveal that an increase in the number of spray 
passes leads to higher surface roughness (Ra), thereby confirming non- 
uniformities with more spray passes. The results are in agreement 
with the study by Moridi et al. [62] whose findings reported that 
increasing the number of CS passes leads to mixed mode fractures in the 
outer layer of the coating with a high amount of pores and cracks. Also, 
Gillet et al. [63] showed that the 2-layer (N = 2) CS coating using the 
metal (Cu) particles in a size range of d50 ≈10–23 µm resulted in a 
decrease in DE from 28.7% (first layer) to 15.4% (second layer), 
respectively. In the present study, although a relatively thick film (i.e., ≈
40–55 µm) was achieved by the spray pass of N ≥ 3, layer-by-layer ad-
ditive manufacturing of metal printings on the flexible polymers remains 
challenging by the CS technology, which is attributed to the bonding 
phenomenon of the particles. In detail, first layer deposition occurs with 
the impact of cold-sprayed Sn particles onto the polymer surface (i.e., 
metal-to-polymer impact), whereas the upcoming layers should be 
formed on the initially metallized layer by self-bonding of Sn particles 
on the as-deposited metal layer. Notably, different impact velocities are 
needed for each layer to bond the Sn particles on the as-deposited layer 
to avoid potential erosion and fracture. Hence, CS operating parameters 
(i.e., pressure, temperature, nozzle speed, nozzle distance) and also CS 
toolpath planning should be updated/corrected for each layer to achieve 
successful and relatively thicker additive manufacturing on the polymer 
surface. 

The results suggest that CS parameters should be tailored for one 
single spray pass (N = 1) for FE applications to obtain desired electrical 
conductivity, coating thickness, and uniformity. As such, considering 
the parametric study conducted, the lowest electrical resistance (i.e., 
0.155 Ω), uniform film thickness, and lowest surface roughness (i.e., 
Ra≈ 4 µm) without compromising the spray resolution occurred at the 
optimal CS conditions of P = 0.7 MPa, NS= 75 mm/s, SD= 10 mm, and 
N = 1. For the optimal conditions, the deposition efficiency (DE) was 
calculated as 14–17%. The results are comparable with the literature, in 
which the DE was reported as 2–30% for CS deposition of Sn and Sn 
mixtures (e.g., Sn+Al) on the polymer surfaces (i.e., CFRP, Nylon6, ABS, 
PEEK) at various CS conditions [38,64–67]. The relatively low DE of the 
CS technique on polymer surfaces is attributed to the over-spray 

phenomenon. As seen in Fig. 3b and Fig. 4b, we experienced the 
over-spray issue at the boundary of the Sn traces. The reason is likely due 
to the non-linear particle velocity distribution of the impinging particles 
during CS. In detail, the particles at the outer cone of the spray stream 
have a lower velocity than the central region of the spray jet [68,69]. If 
the velocity of these particles is less than the critical velocity (Vcrit), they 
rebound from the surface leading to erosion at the impinging boundaries 
instead of deposition, which further results in over-spray. It is note-
worthy that although the over-spray is responsible for a relatively low 
DE, we did not observe a significant disruption in the CS patterning 
quality and electrical conductivity of the as-deposited electrodes. The 
as-cold sprayed Sn electrodes maintained the high-electrical conduc-
tivity without any close-circuit issue even under severe deformation 
conditions (see Fig. 4b). 

Overall, for the optimal operation conditions, the electrical con-
ductivity was calculated using Eq. (2), where σ is the conductivity, L is 
the length, R is the resistance, and S is the cross-sectional area of the 
coated film. For L = 0.02 m, R = 0.155 Ω, and S = 1.85 × 10-7 m2 (i. 
e., width (≈ mm) ×thickness (37 µm)), the electrical conductivity of 
the electrodes was calculated as 6.98 × 105 S m-1, which is only one 
order less than the bulk conductivity of Sn (i.e., 9.17 × 106 S m-1) at 
room temperature. We also observed the relative resistance (R/R0) 
change of the fabricated electrodes for 30 days of storage time. As seen 
in Fig. S5 (Supporting Information), the resistance did not increase more 
than 25% over a one-month storage period, indicating the long-time 
electrical stability of the electrodes. The resistance slightly increased 
along with the extension of storage, and the average resistance reached a 
plateau after 10 days. In addition, we tested the bending performance of 
the electrodes under various bending radii from 5 to 25 mm. As shown in 
Fig. 2e, no significant alteration in the electrical resistance appeared 
under 1000 bending cycles without compromising the structural integ-
rity of the Sn layer. These mechanical tests underlined the high flexi-
bility and conductivity of the fabricated electrodes under vigorous 
bending conditions. 

σ =
L

RS
(2)  

3.5. Adhesion performance 

The adhesion properties of the resultant coatings at optimal CS 
conditions were characterized using both cross-cut and Scotch tape tests 
according to the ASTM D3359 standard test method [70]. These quali-
tative tests are widely used test methods for measuring the adhesive 
strength of thin-film printed FE [71–73]. In this regard, first, various 
numbers (5–50 peelings) of Scotch tape (3 M Inc.) peeling tests were 
applied to the resulting CS printings, followed by measuring the R/R0. 
As shown in Fig. 2f, no significant alteration in electrical performance 
and intrinsic Sn coating structure was noticed after the peeling tests, 
which confirms the strong interfacial adhesion of the CS Sn coating. In 
addition, the cross-cut test based on the ASTM D3359 standard was 
conducted to evaluate the percent area removed given by the ASTM tape 
test scale [70]. Fig. S6a (Supporting Information) confirmed the high 
adhesion strength between the Sn coating and the PET substrate. The 
adhesion of Sn coating reached a 5B level according to the cross-cut tape 
test, having less than 5% removed area on the CS coating (Fig. S6b, 
Supporting Information). 

Besides, after the bending tests in Fig. 2e, no noticeable difference 
appeared in the overall coating quality, which also confirmed the strong 
adhesion between the Sn layer and the substrate under bending cycles. 
The results are comparable and in agreement with the traditional 
printing approaches (e.g., screen printing, ink-jet printing) in terms of 
adhesion strength [14,74]. As such, the resulting electrodes exhibited 
excellent electrical conductivity, adhesion strength, long-term stability, 
and flexibility. The characterization studies uncovered the 
process-structure-property relationships of the CS particle deposition 
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technique for rapid production of printed FE. 

3.6. Applications and prospect 

To demonstrate the utility and versatility of the CS in printed flexible 
electronics, various CS patterning on the PET polymer sample was 
designed and then constructed into a macro resistive heater and a light- 
emitting diode (LED) circuit. Fig. 4a-b show the CS direct patterning of 
Sn particles on the polymer surface at the optimal CS conditions for 
different FE applications. A digital DC (Korad, KD6003D) power supply 
was used to power the resistive heater and LED circuit with alligator 
clips on both ends. An infrared (IR) camera (FLIR A300) was used for 
testing the performance of the heater. An input voltage of 2.5, 5, and 
7.5 V was applied to characterize the heater. As seen in Fig. 4a (right 
panel) and Fig. S7 (Supporting Information), the thermal camera images 
confirm the applicability of the fabricated bendable resistive heater. It 
takes 70 s to reach maximum temperature, and then the heater cools 

down to room temperature in 100 s after turning off the power. The 
results suggest that the fabricated flexible macro heater (12 × 15 cm2) 
can be successfully used in large-area defogging applications. 

A serpentine-shaped LED circuit was also fabricated to demonstrate 
the manufacturing capability of the CS for FE (see Fig. 4b). A green color 
LED light was assembled on the circuit using silver-conductive epoxy 
adhesive. As seen in Fig. 4b, the circuit endured vigorous tension and 
compression deformation without compromising the structural integrity 
of the functional coating. The circuit remained highly conductive under 
severe bending conditions, which indicates high adhesion and stability 
of the electrodes along a long circuit length (i.e., 180 mm). Moreover, 
even under the twisting deformation, no irreversible damage (e.g., crack, 
delamination, etc.) was observed on the circuit. The Sn printing main-
tained its high-electrical conductivity and structural integrity under 
twisting deformation without compromising high-electrical perfor-
mance, indicating the robustness of the CS technique in producing FE. 

In addition, considering the bonding mechanism of CS is mainly 

Fig. 4. Cold spray direct writing of a (a) resistant macro-heater, and (b) LED circuit and its testing under different deformation conditions.  
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mechanical interlocking for polymer substrates, the interlocking of the 
Sn particles with the PET polymer would decrease the intrinsic ductility 
of the polymer target. To test the ductility of the as-cold sprayed spec-
imens, we applied continuous cyclic deformation (i.e., bending, 
twisting) to the patterned circuit in Fig. 4b. A real-time video of the 
circuit under severe deformation is shown in Movie S1, Supporting In-
formation. The as-cold sprayed polymer did not significantly compro-
mise its intrinsic ductility, thereby indicating high flexibility. It is 
attributed to the strong adhesion strength of the CS printing, which led 
to conformal contact of the Sn electrodes with the polymer substrate. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.addma.2022.103244. 

Besides, CS is promising for large-area functional metallization on 
flexible polymers owing to its relatively larger nozzle exit diameter. In 
the present study, an axisymmetric nozzle with an outlet diameter of 
4.5 mm resulted in 2–5 mm resolution (linewidth) printing. On the one 
hand, by employing a different configuration nozzle with a larger exit 
aperture such as a rectangular-shaped nozzle, large-area conductive 
metallization on the PET surface can be achieved. In this regard, in 
addition to the axisymmetric nozzle, we tested a rectangular-shaped 
nozzle (10.35 mm × 3 mm) for Sn coating on the PET surface 
(Fig. S8a, Supporting Information). Without preheating the carrier-gas 
flow (i.e., T = 25℃), no successful deposition was observed at room 
temperature using the rectangular-nozzle configuration. The reason is 
that rectangular nozzles generate stronger bow-shock due to their larger 
sectional area, leading to lower particle impact velocity (in our case less 

than Vcrit at room temperature) as compared to the axisymmetric nozzles 
[75,76]. On the other hand, preheating the carrier gas to 80 ℃ (see IR 
camera image in Fig. S8c, Supporting Information) allowed to achieve of 
dense and conductive Sn coating (i.e., 12 mm linewidth with 
single-pass) on the PET surface (Fig. 8d, Supporting Information). The 
reason lies in: (i) increased particle velocity with higher gas temperature 
according to the ideal gas law (i.e., Pv=RT); and (ii) thermal softening of 
both particles and the substrate that facilitated the particle bonding [65, 
77]. The results reveal that CS technology can enable the large-area 
metallization of various flexible polymers, thereby having the poten-
tial to advance the rapid and high-throughput production of FE. 

In addition to the abovementioned features, CS can be also poten-
tially used for sustainable repairing of temperature-sensitive FE printed 
on low-thermal budget substrates (e.g., PET, PEN). Conventional tin-lead 
soldering is not applicable for heat-sensitive substrates due to its high 
solder reflow temperature (≈200℃), which is significantly higher than 
the glass transition temperature (Tg) of PET and PEN polymers [4]. 
Herein, CS could be a promising alternative to traditional tin-lead sol-
dering for these important substrate materials owing to its low-operating 
temperature (i.e., <80 ℃ along the nozzle, see IR camera image in 
Figs. S8b-c, Supporting Information). As example for discussion and 
illustration, we repaired a malfunctioned (i.e., locally damaged) Sn 
electrode as shown in Fig. 5. In turn, the conductive Sn coating on the 
polymer surface was physically and chemically damaged using a plier 
and acetone. The localized damage was then restored by means of 
hand-held cold spraying owing to the portability of the low-pressure CS 

Fig. 5. (a) The damaged (malfunctioned) electrode, (b) CS-based repaired electrode, (c) electrical performance test of the restored electrode, (d) repaired Sn 
electrode using Al feedstock. 
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equipment. After CS-based repairing, as shown in Fig. 5b-c, no notable 
change in the intrinsic properties of both electrode and polymer sub-
strate was observed. 

We also tested the CS repair by using different feedstock materials 
than the electrode material. In this regard, Al powders (Centerline, Inc.) 
in a size range of 5–45 µm were cold sprayed onto a damaged Sn elec-
trode. As seen in Fig. 5d, CS enabled repairing the Sn electrode through a 
different feedstock material such as Al. The repaired electrode main-
tained its functionality without significantly compromising electrical 
conductivity and mechanical stability. This feature of the CS technique 
can be also potentially utilized in the fabrication of multi-material 
electronics. Hereby, we mixed a number of relatively soft feedstock 
powders (i.e., Sn + Al and Sn + Zinc) with the same weight ratio, then 
cold sprayed the powder mixtures onto the PET surface at low pro-
cessing temperature (< 80℃). As seen in Fig. 6a-b, multi-material 
electrodes were successfully fabricated on a low-thermal budget flex-
ible polymer (PET), showing the potential of CS for producing multi- 
material printings. The Energy Dispersive X-Ray (EDX) analyses in 
Fig. 6c-d also confirmed the multi-material CS coatings on the substrate 
surface. The clear peaks of Sn, Al, and Zn were observed on the as-cold 
sprayed surface (Fig. S9, Supporting Information), proving the effective 
multi-material coatings. Note that the existence of the Platinum (Pt) 
elements on the EDX images is due to the thin-layer sputtered Pt to avoid 

overcharging during SEM and EDX analyses. 
Considering multilayered and multi-material electronics are ex-

pected to revolutionize the field of printed electronics [78–80], this 
feature of CS can be valuable for multi-material and hybrid coating 
applications to achieve multifunctional surfaces with improved surface 
properties in terms of conductivity, corrosion resistance, wear resis-
tance, bioactivity, hydrophobicity, etc. Taken together, the results sug-
gest that CS can be effectively used for the fabrication of multi-material 
printings on temperature-sensitive polymers while it has the potential 
for repairing FE in a rapid, energy-efficient, sustainable, and 
eco-friendly manner against the conventional soldering techniques. 

Lastly, based on the reported literature [1,3,4,81], we compared the 
CS particle deposition with the currently available printing methods in 
FE. Table 2 summarizes a comparison of the different printing tech-
niques with printed feature properties. As seen in Table 2, CS is prom-
ising for FE in a manner that solid-state metal particles can be directly 
printed on flexible polymer surfaces (e.g., PET) without the need of a 
high-temperature post-sintering or dedicated vacuum equipment. 
However, one of the main drawbacks of CS technology is its low spatial 
resolution as compared to other printing techniques. Here, it is note-
worthy that the resolution of CS patterning strictly depends on the exit 
(outlet) dimensions of the supersonic nozzle. Employing a micronozzle, 
CS patterning with higher spatial resolution can be achieved. For 

Fig. 6. Fabricated multi-material flexible electrodes: (a) Sn (50% wt.)+Al (50% wt.), (b) Sn (50% wt.)+Zn (50% wt.), (c) EDX map of the Sn + Al coating, (d) EDX 
map of the Sn + Zn coating; (Scale bars in SEM and EDX images= 25 µm). 
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instance, Sova et.al [82] designed a micronozzle (i.e., having an outlet 
diameter of 1 mm), and achieved 1 mm of resolution by cold spraying 
Cu particles on an Al substrate using helium as the compressed gas. 

In fact, it is still far beyond the spatial resolution of the other printing 
techniques, and remains challenging to increase the resolution of solid- 
state cold spraying. The reason for this is the size distribution of com-
mercial CS powders, which is generally in a range of 5–50 µm. Although 
there are commercially available nanopowders (< 0.1 µm), cold spray-
ing of these powders is difficult due to their insufficient inertia and 
momentum to overcome the inherent bow-shock region formed near the 
target surface [32,59,68]. In detail, the upon-impact trajectory of the 
cold-sprayed nanopowders is disrupted by the bow-shock, resulting in 

no deposition on the target surface. For overcoming the bow-shock, the 
agglomeration process is often required to form large-enough particles 
before the CS process [83], but it leads to lower spatial resolution. 
Although CS offers high-throughput production of FE (i.e., line-
width=2–12 mm, printing speed=0.15 m/s with single spray pass) at 
low temperatures (< 80℃), CS direct writing of high-resolution 
conductive traces without shadow masking remains challenging in the 
current situation due to the reasons stated above. 

Alternatively, cold spray direct writing of Sn electrodes on the 
polymer surface followed by the femtosecond laser machining process 
could address the low-spatial resolution of the CS technique. In this 
regard, as illustrated in Fig. 7a, we conducted a case study on sequential 

Table 2 
Performance comparison of various printing technologies used in flexible electronics.  

Printing 
technologies 

Resolution 
(linewidth) 

Film thickness 
(µm) 

Film 
roughness 

Printing speed (m/ 
s) 

Large-area 
scalability 

Design 
flexibility 

Need for post- 
sintering 

Cold spray 1–12 mm 10–55 High 0.02–0.15 Yes High No 
Inkjet printing 30–70 µm 0.1–1 Low 0.01–0.1 Limited High Yes 
Aerosol jet printing 50–150 µm 0.5–1 Low 0.1–1 Limited Medium Yes 
Screen printing 50–150 µm 5–100 High 0.1–1 Yes Low Yes 
Gravure printing 5–100 µm 0.1–1 Low 0.1–10 Yes Low Yes 
Blade coating 200 µm 0.1–1 Low 0.01–1 Yes Medium Yes  

Fig. 7. (a) Schematic of the sequential CS and femtosecond laser machining approach for producing flexible and stretchable microelectrodes, (b) fabricated high- 
resolution electrodes, (c) electrodes (30 µm linewidth) under various stretching conditions, (d) conductivity test of the electrode with ultra-fine features (i.e., 
30 µm clearance). 
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CS and ultra-fast laser machining to achieve micron-scale printed elec-
tronics. To elaborate, first, Sn particles were directly printed on the PET 
surface with one-single CS pass. Then, the printed millimeter-scale Sn 
coating is cut out to custom-designed micron-scale electrodes by a 
subsequent femtosecond laser (04–1000, CARBIDE [84]) machining at 
the second harmonic laser wavelength (515 nm) with a pulse duration of 
229 fs, a repetition rate of 2 kHz, and the pulse energy of 57 µJ, 
respectively. This integrated manufacturing approach enabled to fabri-
cation of high-resolution (i.e., 30–100 µm linewidth) arbitrary-shaped 
electrodes with ultra-fine features (see Fig. 7b), which cannot be ach-
ieved by conventional printing methods. 

Moreover, owing to the manufacturing accuracy of the femtosecond 
laser machining, fractal-shaped electrodes can be precisely produced 
utilizing the proposed approach as a geometric engineering fabrication 
method. In detail, geometric patterning (e.g., fractal design) can be 
applied to rigid thin films to obtain certain stretchability [85]. For that, 
we chose the horseshoe-shape design owing to its wide range of appli-
cations in printed electronics [86–88]. As a proof-of-the-concept, 
micron-scale, flexible, and stretchable electrodes were precisely ach-
ieved through the described approach (see Fig. 7b). The 
horseshoe-shaped electrodes with 30 µm linewidth showed up to 50% 
stretchability without a noticeable difference in overall Sn coating 
quality (see Fig. 7c). We also fabricated larger linewidth (i.e., 100 µm) 
electrodes to show the versatility and repeatability of the described 
approach (Fig. S10, Supporting Information). The microelectrodes 
maintained conductivity and structural integrity after laser cutting 
without compromising intrinsic substrate and Sn coating properties 
(Fig. 7c-d). Moreover, ultrafine features having a 30 µm clearance (gap) 
between the electrodes were achieved without any sign of delamination 
(Fig. 7d), which can also not be obtained by the conventional printing 
approaches without a shadow mask. 

The results of the case study suggest that sequential CS and femto-
second laser machining is a suitable approach to produce ultra-high- 
resolution electrodes, which can be potentially applied to various 
micro-sensing applications. Although the resulting microelectrodes can 
be used in microsensing applications, it is vital to transfer the laser-cut 
electrodes onto a flexible base substrate to improve the mechanical 
resilience of the cut-off electrodes in order to constitute compact, du-
rable, and conformal FE. Given the above-mentioned point, future works 
should focus on developing a method to transfer (joint) the laser-cut 
electrodes onto a base flexible polymer substrate to generate resilient 
and high-performance micron-scale FE. 

4. Conclusion 

The cold spray (CS) particle deposition technique was employed and 
evaluated for rapid and scalable production of printed flexible elec-
tronics (FE). In this regard, micron-scale (10–45 µm) Sn particles were 
cold sprayed on the flexible PET polymer surface without the need for 
high-temperature post-sintering process that is often required by the 
traditional printing approaches The effect of the CS process parameters 
(i.e., gas pressure, nozzle speed, spray distance, number of spray pass) on 
resultant printings is comprehensively studied in terms of microstruc-
ture, film thickness, electrical resistance, linewidth, and surface rough-
ness. The following conclusions can be drawn from the present work:  

• CS enabled the direct writing of millimeter-scale custom-designed 
conductive Sn traces on the flexible PET surface in a rapid and high- 
throughput manner (i.e., linewidth = 2–12 mm, printing speed =
0.15 m/s with single spray pass).  

• The resulting electrodes exhibited excellent electrical conductivity (i. 
e., 6.98 × 105 S m-1), flexibility, adhesion strength (5B score based 
on the ASTM D3359 standard), and stability by maintaining struc-
tural integrity under vigorous tension, compression, and twisting 
deformation.  

• By leveraging the CS operational parameters, millimeter-scale FE 
applications such as a resistive heater and an LED circuit were 
fabricated to demonstrate the industrial viability of the CS for prin-
ted electronics.  

• Employing a rectangular nozzle with an exit aperture of 
10.35 mm × 3 mm, large-area functional metallization (i.e., line-
width = 12 mm for a single pass) was achieved, which also proved 
the large-scale processing compatibility of CS for FE. 

• CS, owing to its low operating temperature, was utilized for sus-
tainable repairing of low-thermal budget FE without compromising 
the intrinsic substrate and coating properties, thereby CS has the 
potential to address the ever-increasing number of global electronic 
waste.  

• Multi-material (Sn+Al and Sn+Zinc) deposition experiments 
demonstrated the feasibility of the CS technique for the fabrication of 
multi-material hybrid electronics.  

• Although CS has lower spatial resolution than conventional printing 
methods, arbitrarily designed (e.g., horseshoe-shaped) ultra-high 
resolution (i.e., 30 µm linewidth) flexible and stretchable electrodes 
were fabricated by coupling CS with a subsequent femtosecond laser 
machining process, which also proved the scalability of the CS 
technique in FE. 

• Overall, the results of this study revealed the underlying perfor-
mance of CS in printed electronics by providing a guideline for rapid 
and scalable production of FE. 

As for future works, the authors will focus on developing a method to 
transfer (joint) the laser-cut micron-scale electrodes onto a base flexible 
polymer substrate to increase the mechanical resilience of the electrodes 
for producing high-performance micron-scale FE. We envision that CS- 
based printing will be a promising approach for direct and scalable 
writing (from macro to micro), and sustainable repairing of flexible 
electronics in the future. 
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