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Plasma-aided direct printing of
silver nanoparticle conductive
structures on polydimethylsiloxane
(PDMS) surfaces
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We report a controlled deposition process using atmospheric plasma to fabricate silver nanoparticle
(AgNP) structures on polydimethylsiloxane (PDMS) substrates, essential for stretchable electronic
circuits in wearable devices. This technique ensures precise printing of conductive structures using
nanoparticles as precursors, while the relationship between crystallinity and plasma treatment is
established through X-ray diffraction (XRD) analysis. The XRD studies provide insights into the effects
of plasma parameters on the structural integrity and adhesion of AgNP patterns, enhancing our
understanding of substrate stretchability and bendability. Our findings indicate that atmospheric
plasma-aided printing not only avoids the need for high-temperature sintering but also significantly
enhances the electrical and mechanical properties of the conductive structures, advancing the
production of robust and adaptable electronic devices for wearable technology.

The integration of metal and metal oxide microstructures on flexible substrates such as polydimethylsiloxane
(PDMS) presents a frontier in the development of advanced electronic devices!~”. PDMS, a widely used silicone-
based organic polymer, offers unique advantages due to its flexibility, optical transparency, biocompatibility,
and thermal stability®-!2. These properties make PDMS an ideal candidate for applications ranging from
microfluidics!3-1, stretchable electronics!®-2%, and soft actuators?!~2¢ to wearable electronics*’-3!. PDMS stands
out for its exceptional mechanical flexibility, characterized by a low Young’s modulus (E ~ 1-3 MPa), which
enables devices to bend, stretch, and conform to various shapes®*2. This flexibility, combined with its optical
clarity (transparent from 240 to 1100 nm), low thermal degradation threshold (> 400 °C), and biocompatibility,
underscores its significance in the development of flexible and stretchable electronic devices’!. However, the
hydrophobic nature and low surface tension of PDMS make it challenging to deposit conductive layers.

The fabrication considerations in printed electronics, including pre-and post-printing treatments, are crucial
for optimizing performance and achieving reliable device functionality. Substrate cleaning, surface modification,
and ink optimization play a vital role in enhancing printability and adhesion®. Pre-treatment processes such as
plasma cleaning and UV irradiation can improve the wettability and surface energy of substrates, facilitating
better bonding of conductive inks. Effective post-printing treatments, including low-temperature curing or
sintering, are also essential for enhancing conductivity without compromising the flexibility of the substrate®.

However, the inherent hydrophobicity and low surface energy of PDMS pose significant challenges for the
direct deposition of metal or metal oxide structures using conventional vacuum-based deposition techniques
such as sputtering, thermal evaporation, and atomic layer deposition (ALD)!%!13435 ‘While techniques like
aerosol jet printing and microcontact printing have been effective in addressing adhesion and conductivity
challenges for flexible electronics!"*, they often require prolonged post-sintering or a coating of PDMS over
the conductive structures, making the process more time-consuming and labor-intensive. Integrating plasma
as a post-treatment for conductive patterns, instead of high-temperature sintering, offers a promising solution
by enabling the deposition of conductive materials on PDMS with improved adhesion and mechanical
integrity'®*7-%. This approach leverages plasma to modify the surface properties of PDMS temporarily, allowing
for the precise patterning of metal nanoparticles and enhancing device performance without compromising the

substrate’s elasticity®373%40,
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The advent of plasma-aided printing technology has marked a significant milestone in the field of
nanoparticle deposition, offering a streamlined and efficient approach to material fabrication*'~*>. This
technique, which propels a mist of nanoparticles through a high-voltage field to generate plasma, has been
recognized for its broad applicability across various materials and substrates’®~>2. Despite its advantages, the
method’s precision and reproducibility have raised concerns, primarily due to the lack of sophisticated printing
setups and comprehensive benchmarking studies. These challenges underscore the need for rigorous evaluation
to optimize the process for diverse applications®>. Plasma printing demonstrates broad applicability by effectively
depositing a wide range of materials, including metals like silver (Ag), copper (Cu), and gold (Au), as well as
semiconductors and oxides such as titanium dioxide (TiO2), tin oxide (SnO2), copper oxide (CuO), and zinc
oxide (ZnO)>*. These materials have been successfully printed on various substrates, including paper, cotton,
glass, silicon, polyimide, polyethylene terephthalate (PET), and printed circuit boards (PCBs)**>>. Comparative
studies® have demonstrated significant enhancements in material properties under plasma-on conditions. For
instance, the plasma printing of carbon nanotubes revealed improvements in nanotube density, interconnectivity,
and conductance, achieving conductance levels three orders of magnitude higher than those obtained without
plasma. Similar advancements have been noted in the plasma printing of silver and graphene, where the use of
plasma resulted in higher conductance without the need for additional sintering steps*!&>,

The hydrophobic nature of PDMS presents challenges for the direct deposition of metallic or nanoparticle
conductive materials using traditional inkjet printing or vacuum-based deposition techniques®®. This paper seeks
to address these challenges by benchmarking plasma parameters for effectively printing silver nanoparticles on
PDMS substrates (Fig. 1a, b). This study extensively examines plasma conditions, including voltage and post-
plasma treatment effects, exploring the interplay between PDMS surface properties and plasma characteristics
(Fig. 1c). The relationship between crystallinity and plasma treatment is established through X-ray diffraction
(XRD) analysis, alongside evaluations of the substrate’s stretchability and bendability, providing insights into the
potential of plasma-aided printing for creating conductive structures on flexible substrates (Fig. 1b). Therefore,
plasma-aided printing emerges as a promising avenue for depositing wide range of materials on various
flexible substrates. While its simplicity is appealing, the method’s accuracy and reproducibility necessitate
further investigation and benchmarking, particularly for PDMS substrates. By addressing these challenges, this
investigation aims to enhance the understanding of plasma printing dynamics and optimize the process for
broader applications in flexible electronics.

Materials, fabrication, and testing

Materials used

PDMS substrate (2 mm thick) is fabricated using a polymer-to-hardener ratio of 1 to 10. The silver nanoparticle
(AgNP) ink is achieved by precisely blending DI water with commercially sourced AgNP ink from NovaCentrix
(JS-A191 Silver Nanoparticle Ink, 40% w/w Ag, Aqueous- High conductivity). An optimized ink-to-water ratio
of 1 to 7 is determined to yield superior misting rates, a parameter consistently employed during the entirety of
the printing process.

Plasma printing method

Using an atmospheric plasma-aided inkjet printer developed by Space Foundry Inc., we printed conductive
patterns onto a 2 mm thick PDMS substrate. The printing process involved the generation of a low-temperature
atmospheric plasma through a mix of inert gases (comprising 95% argon and 5% hydrogen). This mixing of
silver ink aerosol and argon plasma enabled the effective deposition of conductive patterns on the PDMS surface.
The printing quality was influenced by several factors, such as the percentage of ink aerosol, plasma voltage and
frequency in the high voltage generator, the speed of printing, the number of printing and post plasma treatment
passes, the distance between the printhead nozzle and the substrate, and the flow rates of both the aerosol (wet
gas) and the inert gas (dry gas).

In our study, we mainly focused on the effect of plasma voltage and the number of printing and inert plasma
post-treatment on the quality of the printed conductive structures and its adhesion to the substrate. Five distinct
samples were developed and characterized with different plasma voltages to study the impact of plasma voltage
on the fabricated conductive patterns. We chose 11 kV, 14 kV, 17 kV, 20 kV, and 23 kV peak-to-peak at 30 kHz
frequency as the plasma voltage for this experiment. The following printing parameters are kept constant for
developing the above five samples. The print speed was set to 0.5 mm/s for both printing and post-treatment.
The mist level was set at 45%. The printhead was positioned 6 mm above the substrate, and a gas ratio of 100/400
SCCM (wet gas to dry gas flow rate) was implemented. The conductive structure was fabricated with two prints
and two inert plasma treatment passes (sandwiching of printing and post-treatment) for all five samples. The
inert plasma treatment was conducted under conditions similar to the printing process, with the same plasma
settings, but without feeding the ink.

Further, we studied the effect of multiple printing and post-treatment on the adhesion and conductivity of
the fabricated structures. For this, we developed seven distinct samples named S1 to S7 with different numbers
of printing and post-treatment (Table 1). All the remaining printing parameters were kept constant throughout
the process. The print speed was set to 0.5 mm/s for both printing and post-treatment. The mist level was set at
45%, and the voltage was calibrated to 17 kV peak to peak at 30 kHz frequency. The printhead was positioned
6 mm above the substrate, and a gas ratio of 100/400 SCCM (wet gas to dry gas flow rate) was implemented.

Surface morphology, chemical composition, crystalline analysis, and bending performance
evaluation

The surface morphology of the conductive structure developed through plasma printing of AgNPs was analyzed
using field emission scanning electron microscopy (FeSEM) coupled with energy dispersive X-ray spectroscopy
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Fig. 1. (a) Plasma-aided inkjet printing of conductive structures on PDMS substrate using silver nanoparticle
(AgNP) ink, (b) Impact of bending and stretching on a PDMS-based stretchable electronic circuit created
through plasma printing with AgNP ink, (c) Plasma plume size and temperature of the printhead ceramic tube
(using FLIR images) corresponds to different plasma voltage.

Sample name | Printing layers | Plasma treatment Post-treatment details

S1 One layer None No post-treatment applied

S2 One layer Applied during print No post-treatment applied

S3 One layer Applied during print Immediate inert plasma post-treatment
S4 Two layer Applied during each print | No post-treatment applied

S5 Two layer Applied during each print | Immediate inert plasma post-treatment
S6 Three layer Applied during each print | No post-treatment applied

S7 Three layer Applied during each print | Immediate inert plasma post-treatment

Table 1. Descriptions of sample conditions from SI to S7.
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Plasma voltage (kV) Variable settings: 11, 14, 17, 20, 23 kV

Plasma frequency (kHz) Constant at 30 kHz

Print speed (mm/min) Set at 30 mm/min

Mist rate (%) Fixed at 45%

Substrate to Z-axis height (mm) | Distance maintained at 6 mm

Gas ratio (wet to dry) Mixed gas flow rate maintained at 100/400 SCCM
Number of passes 2 passes of printing each followed by plasma treatment

Table 2. Plasma printing parameters for evaluating the effect of plasma voltage on silver nanoparticle printing
on PDMS.

04
11KV 14kV  17kV 20KV~ 23kV
Plasma Voltage (kV)

Fig. 2. SEM images of AgNP conductive structures (two times single print with plasma and immediate post-
inert plasma treatment after each print) on PDMS printed with a plasma voltage of (a) 11 kV, (b) 14 kV, (c)

17 kV, (d) 20 kV; (e) 23 kV;, (f) Plot of average AgNP size in Ag conductive structures for samples printed with a
plasma voltage from 11 to 23 kV.

(EDS). Additionally, a 3D optical profiler was employed to obtain comprehensive insights into both surface
topography and chemical composition. The crystallinity of the AgNPs was assessed using X-ray diffractometry
(XRD), analyzing peak intensities within the 20° to 80° 20 scanning range. Furthermore, the resistance of
samples S2 to S7 was measured during stretching using custom-made dynamic resistance measuring equipment.

Results and discussion

PDMS samples were placed on the plasma printer platform. The plasma settings were adjusted according to the
parameters outlined in Table 2. We examined the impact of plasma treatment on the plasma-aided printing of
silver nanoparticles on PDMS. We observed that by altering the plasma voltage (11-23 kV) and the number of
plasma coatings applied resulted in significant changes in the quality and properties of the printed structures
(S1-87).

The primary factor in plasma-aided printing is the peak-to-peak voltage (kilovolts), which significantly
influences various aspects of printing. This includes the crystallinity of the printed structures and their
morphological and electrical properties, particularly under conditions of high stress, such as extensive stretching
and bending. SEM analysis of printed microstructures showcased distinct nanostructural features attributable
to plasma-aided printing (Figure Sla-e). At lower voltages, we observed surfaces characterized by smaller
nanoparticles, resulting in a smooth appearance under SEM (JSM-6060) at lower magnifications, as illustrated
in Fig. 2a. Interestingly, at 4000 times magnifications, no discrete particles were discernible. Beyond 17 kV, an
increase in surface roughness was noted, a change attributed to the deposition of larger nanoparticles (Fig. 2b,
¢). With higher kilovolt settings, notably at 20 kV, the formation of more continuous films was evident, with
the nanoparticles being particularly small in size (Fig. 2d-f). As the plasma voltage increased, microstructures
that were predominantly spherical caps began to exhibit additional features, resembling clusters of spheres,
contributing to a more complex surface topology. This transformation was accompanied by the development of

Scientific Reports |

(2024) 14:31154 | https://doi.org/10.1038/s41598-024-82439-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Plasma voltage (kV) | Average nanoparticle size (nm) | Average film thickness (um)
11 0 5.205

14 298.441 3.805

17 574.445 4.99

20 544.991 3.07

23 508.905 3.47

Table 3. Characterization of plasma printed AgNP conductive structures (twice single print with plasma and
immediate post-inert plasma treatment after each print) on PDMS with different plasma voltage.
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Plasma Voltage (kV)

Fig. 3. Cross-sectional SEM images of AgNP conductive structures (two times single print with plasma and
immediate post-inert plasma treatment after each print) on PDMS printed with a plasma voltage of (a) 11 kV,
(b) 14 kV, (c) 17 kV, (d) 20 kV; (e) 23 kV, (f) Plot of average print thickness of Ag conductive structure on
PDMS for samples printed with a plasma voltage from 11 to 23 kV.

a highly porous structure, indicating that the enhanced spherical forms not only clustered but were also porous
in nature, adding a unique characteristic to the nanostructured surface (Figure S2a-e).

At 11 kV, nanostructures were barely discernible, with only very small structures visible even under high-
resolution SEM. An additional application of bare plasma coating at this voltage level resulted in the formation of
larger nanostructures. At 11 kV, the coating was smooth, and the particle size was difficult to measure (Fig. 2a).
However, as the plasma voltage increased to the range of 14 to 17 kV, the particle size expanded to between 298.4
and 574.4 nm (Fig. 2b, ¢). Further elevation of the voltage to 20 to 23 kV led to a decrease in particle size (Fig. 2d,
e), with measurements ranging from 544.9 to 508.9 nm (Fig. 2f), indicating a notable variation in nanoparticle
size and structure with voltage increments (Table 3). This variation underscores the capacity to control the
deposited nanoparticle sizes on the substrate by adjusting the plasma voltage despite using the same source of
silver nanoparticle ink. Therefore, subsequent research will focus on creating structures with varying porosities,
which can be precisely controlled through adjustments in plasma settings.

Adhesion and morphological characteristics
In the examination of silver nanoparticles adhesion to PDMS substrates, as depicted in Fig. 3a-e (cross-sectional
side view) (Figure S3a-e), a notably uniform layer of silver nanoparticles was observed at lower plasma voltages
with a layer thickness of 5.2 pm corresponds to 11 kV plasma voltage (Fig. 3a) and 3.8 um for 14 kV (Fig. 3b),
though adhesion to PDMS was minimal. At 17 kV, the conductive structures exhibit good adhesion to the PDMS
with a layer thickness of 4.99 um (Fig. 3c). At elevated voltages, such as 20 and 23 kV, the PDMS substrate showed
signs of cracking, and the alignment of silver particles became scattered and non-uniform. The layer thickness
was measured to be 3.07 um at 20 kV (Fig. 3d) and 3.47 pm at 23 kV (Fig. 3e). It was observed that at these higher
voltages, nanoparticles penetrated the PDMS, yet the subsequent layer-by-layer nanoparticle bombardment
compromised the underlying layer’s integrity (Figure S4a-e). This effect was particularly pronounced at the
highest plasma voltages, where the initial layer was either destroyed or its structure was deformed due to the
impact from subsequent nanoparticle coatings applied via plasma (Fig. 3f).

Figure 4 illustrates the X-ray diffraction (XRD) patterns of AgNP conductive structures on PDMS, subjected
to two consecutive single prints with plasma and immediate post-inert plasma treatment after each print. These
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Fig. 4. X-ray diffraction (XRD) patterns of plasma printed AgNP conductive structures on PDMS. Each
structure underwent two successive single prints with plasma treatment, followed by immediate post-inert
plasma treatment after each print. The patterns are presented for different plasma voltages (0, 11, 14, 17, and
20 kV).

structures were printed with varying plasma voltages: 0 kV, 11 kV, 14 kV, 17 kV, and 20 kV, aiming to assess
particle quality and crystalline characteristics. Notably, the absence of additional peaks related to impurities in
the spectra indicates the purity of the plasma-printed silver cubic phase (space group Fm-3 m, JCPDS card No.
87-0597). The XRD analysis highlights strong diffraction peaks at the (111) plane for AgNPs, observed at 37.08°
(0kV),37.09° (11 kV), 37.09° (14 kV), 37.08° (17 kV), and 37.11° (20 kV) angle. Utilizing the Scherrer formula,
the XRD data facilitated the calculation of the crystallite diameter (D) of Ag nanoparticles, revealing a range
from approximately 10.65 nm to 24.60 nm.

KA

D = S WiMcos0

(1)

Here FWHM is the full width at half maximum of the respective peak in radian, and 0 represents the diffraction
peak angle. K is the Scherrer constant, which is dependent on the crystallite shape and can be considered as 0.9
57; A is the X-ray wavelength of the incident Cu Ka radiation, which is 0.154056 nm®3. The calculated crystalline
sizes and material percentages for all the samples are presented in Table 4.

Across the examined range from 0 kV to 20 kV, there is a consistent increase in crystallinity, evidenced
by escalating average areas of crystalline peaks and higher percentages of crystallinity (Table 4). Specifically,
at 0 kV, the material exhibits a crystallinity of 10.65%, which steadily rises to 24.60% at 20 kV. This observed
trend underscores the influence of plasma voltage on the crystalline nature and quality of the printed structures.
Higher plasma voltages result in enhanced crystallinity, indicating improved structural order and potentially
superior functional properties. These findings provide valuable insights for optimizing the fabrication process of
AgNP-based conductive structures and hold promise for their application in various electronic and biomedical
fields.

The thickness measurements from the SEM images show that beyond a certain point, the thickness does
not increase with higher plasma voltage. This is attributed to material dispersion caused by the greater plasma
bombardment at elevated voltages (Fig. 3f). Consequently, a plasma voltage of 17 kV was identified as optimal for
achieving uniform, porous structures that adhere well to the PDMS substrate (Fig. 5a, b) and was thus selected
for all experiments. The EDS elemental composition analysis was conducted to confirm the presence of silver
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AgNPs—0 kV (Dip Coating) 15.48024 10.65

37.08763 | 0.62729 | 13.35799731
4322392 | 1.22152 | 6.995387852

63.58685 | 0.52123 | 17.93207882
76.60461 | 0.42831 | 23.63549498

AgNPs—11 kV (Plasma printing) 11.71685 22.05

37.09807 | 0.63442 | 13.20827568
43.25343 | 1.14929 | 7.435789338

63.59754 | 0.70016 | 13.35020281
76.61356 | 0.78644 | 12.87312879

AgNPs—14 kV (Plasma printing) 12.52977 22.78

37.09415 | 0.59614 | 14.05625873
43.26219 | 1.02725 | 8.319432826

63.59464 | 0.66038 | 14.15417085
76.61778 | 0.74502 | 13.58921631

AgNPs—17 kV (Plasma printing) 12.23916 23.12

37.08829 | 0.60938 | 13.75062247
43.25027 | 1.06637 | 8.01390221

63.5912 | 0.67342 | 13.87983338
76.61405 | 0.7605 | 13.3122651

AgNPs—20 kV (Plasma printing) 17.00257 24.60

37.11359 | 0.44773 | 18.7165818
43.31112 | 0.66879 | 12.78067179

63.59972 | 0.49836 | 18.75629717
76.62693 | 0.5702 | 17.75671108

Table 4. Crystalline sizes for all the plasma printed AgNP conductive structures on PDMS. The patterns are
presented for different plasma voltages (0, 11, 14, 17, and 20 kV).
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Fig. 5. (a) SEM images of AgNP conductive structures (two times single print with plasma and immediate
post-inert plasma treatment after each print) on PDMS printed with 17 kV plasma voltage, (b) High-resolution
SEM image showing porous AgNP, (c) Print layer thickness indicated with cross-sectional SEM image, (d) EDS
elemental composition of Ag conductive structure on PDMS.

(Ag) in the conductive structure. Two points were selected for this analysis: Point P1 on the conductive printed
structure and Point P2 on the PDMS substrate (Fig. 5¢). The EDS analysis at Point P1 revealed a compound
percentage of 76.37% Ag with no detectable presence of silicon (Si) from the PDMS. At Point P2, no Ag was
detected; only Si was present, with a percentage of 39.39% (Fig. 5d).

Impact of layered printing and successive plasma treatments on PDMS conductive structures
The surface morphology and cross-sectional characteristics of the samples were analyzed to assess the influence
of multiple plasma treatments on PDMS. Sample S1, which was printed on PDMS with a single pass and no
plasma treatment, serves as a baseline for comparing with subsequent samples S2 to S7 (Fig. 6a). This sample

Scientific Reports |

(2024) 14:31154 | https://doi.org/10.1038/s41598-024-82439-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

S1-1 Print Without Plasma

S2- 1 Print
c 3000 4 S3- 1 Print + 1 Pass 7
o S4- 2 Print
N S5- 2 Print + 2 Pass
& 2500+ $6- 3 Print
o) S7- 3 Print + 3 Pass
6 2000 -
©
& 15001
< 668.4652
© 1000 -
(@]
©
o
2
<

[¢)]

o
o o
L L

S1 82 S3 S4 S5 S6 S7
Samples

Fig. 6. SEM images of AgNP conductive structures on PDMS printed with (a) Single print without plasma
(S1), (b) Single print with plasma (S2), (¢) Single print with plasma, and immediate post-inert plasma
treatment (S3), (d) Two print with plasma (S4), (e) Two times single print with plasma, and immediate post-
inert plasma treatment after each print (S5), (f) Three print with plasma (S6), (g) Three times single print with
plasma, and immediate post-inert plasma treatment after each print (57), (h) Plot of average AgNP size in Ag
conductive structures for samples S1 to S7.

S1 1699.664 0.1916
S2 732.5479 1.6904
S3 376.8423 1.555
S4 295.4632 6.35
S5 548.4445 4.99
S6 668.4652 6.85
S7 4445114 5.975

Table 5. Average AgNP size and print thickness of plasma printed AgNP conductive structures on PDMS with
each print and post inert plasma treatment.

shows minimal adhesion of silver nanoparticle (AgNP) clusters to the PDMS surface, with the clusters averaging
a size of about 1699.63 nm, as listed in Table 5. Figure 6b-g reveals the surface structure of samples that have been
coated with silver nanoparticles at 17 kV and subjected to plasma treatment, demonstrating that each round of
plasma treatment modifies the surface texture.
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Figure 6h charts the changes in nanoparticle size across various prints and passes for samples S2-S7 (Table 5).
Sample S2’s surface appears quite textured, and it's dotted with numerous large AgNPs, having an average size
of 732.54 nm (Fig. 6b). In contrast, Sample S3 presents a more refined and even surface with smaller AgNPs,
averaging 376.8 nm in size (Fig. 6¢). Moving to Sample S4, we observe the smoothest surface of all samples
examined, with only a few nanoparticles visible and an average size of 295.4 nm (Fig. 6d). Sample S5, on the other
hand, has a more textured surface with a visible presence of AgNPs, with an average particle size of 548.4 nm
(Fig. 6e). Lastly, Samples S6 and S7 both display very textured surfaces teeming with clusters of AgNPs, having
average sizes of 668.46 nm and 444.45 nm, respectively (Fig. 6f, g). These observations highlight the impact of
plasma treatment on nanoparticle distribution and surface morphology in AgNP-coated PDMS samples.

Additional low-magnification SEM images are provided in Figure S5a-g of the supplementary material, and
high-magnification SEM images can be found in Figure S6a-g.

The cross-sectional SEM image of Sample S1 shows that the average thickness of the nanoparticle clusters
is about 0.19 pm (Fig. 7a). (Fig. 7b-g) present the varying layer thicknesses of samples coated with AgNP and
subjected to plasma treatment at 17 kV. This visual data confirms that the layer’s texture changes with each
additional plasma treatment, and its thickness generally grows. Specifically, Sample S2 has an average layer
thickness of 1.69 pum, while Sample S3 shows a slightly less thickness of 1.55 pm (Fig. 7b, c).
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Fig. 7. Cross-sectional SEM images of AgNP conductive structures on PDMS printed with (a) Single print
without plasma (S1), (b) Single print with plasma (S2), (c) Single print with plasma, and immediate post-inert
plasma treatment (S3), (d) Two print with plasma (S4), (e) Two times single print with plasma, and immediate
post-inert plasma treatment after each print (S5), (f) Three print with plasma (S6), (g) Three times single
print with plasma, and immediate post-inert plasma treatment after each print (S7), (h) Plot of average print
thickness of Ag conductive structure on PDMS for samples S1 to S7.
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Sample S4 shows a more substantial increase in layer thickness up to 6.35 pm (Fig. 7d). In contrast, Sample
S5’ thickness decreases slightly, measuring 4.99 pm (Fig. 7e). From the cross-sectional SEM images, it’s clear
that Sample S5 is rougher and more porous than Sample S4. Samples S6 and S7 have even rougher layers, with
average thicknesses of 6.85 and 5.97 um, respectively (Fig. 7, g). It’s noticeable that for samples that received
a single print followed by another round of plasma treatment, the thickness of the layer went down. Although
Samples S4 and S5 have thicker layers than Samples S2 and S3, the increase in thickness is less pronounced when
comparing Samples S6 and S7 with S4 and S5 (Fig. 7h). This suggests that layer thickness does not consistently
correlate with the number of printing passes and plasma treatments. Specifically, when comparing samples
with and without additional plasma treatment—such as S4 (with 2 prints) and S5 (with 2 prints followed by
2 plasma treatments)—it is observed that the sample with the extra plasma treatment (S5) has a reduced print
thickness. This reduction is attributed to material removal caused by the additional plasma bombardment. This
pattern is also evident in Samples S2- S3 and S6- S7. Additional cross sectional SEM images are provided in
Figure S7a-g of the supplementary material, and tilted SEM images can be found in Figure S8a-g. Detailed 3D
profilometer surface texture analysis on samples S1 through S7, presented in Figure S9, reveals intricate insights
into the root mean square (RMS) height variations across selected areas, enhancing our understanding of surface
characteristics.

Bending and stretching studies

We further studied the resistance and resistivity of samples S2 to S7 with various displacements using custom-
made stretch equipment. Sample S1 exhibits very high resistance, and measuring the resistance is challenging due
to coating instability, which is excluded from the stretch test. At zero displacement, sample S2 has a resistance of
61.8 Q) and increasing resistance to 95 kQ with 5 mm displacement (Fig. 8a). Sample S3 has an initial resistance
of 41.2 Q at zero displacement, and its resistance increases to 49 kQ) with 5 mm displacement. Sample S4 has
an initial resistance of 6 2 at zero displacement, and its resistance increases to 12 kQ with 5 mm displacement.
Sample S5 has an initial resistance of 1.36 Q) at zero displacement, and its resistance increases to 9 kQ with 5 mm
displacement. Sample S6 has an initial resistance of 1.74 Q at zero displacement, and its resistance increases
to 3.4 kQ with 5 mm displacement. Sample S7 has an initial resistance of 1.87 ) at zero displacement, and its
resistance increases to 250Q with 5 mm displacement.

The resistivity of the printed samples was measured at zero displacement, with each sample having dimensions
of 1 cm length, 1 mm width, and thickness determined from cross-sectional SEM images. Compared to the
baseline resistivity of the silver ink (ranging from 7.8 x 107 to 3.1 X 10~ Q-cm), Sample S5 showed the lowest
resistivity at 6.79 X 107° Q-cm, indicating excellent conductivity (Fig. 8b). Samples S6 and S7 also performed well,
with resistivity values of 1.19 X 107* Q-cmand 1.12X 107* Q-cm, respectively. In contrast, Samples S2, S3, and S4
exhibited higher resistivity, ranging from 3.81 X 107 to 1.04x 10~* Q-cm, reflecting less effective conductivity.

Repetitive stretching studies

We examined the resistance behavior of conductive structures printed on PDMS when subjected to repeated
mechanical stress. Specifically, samples S2 through S7 were each stretched to 1 mm beyond their original
dimensions (10% stretching) over a series of 1000 cycles using a custom-designed stretching apparatus (Figure
$10). This apparatus was uniquely capable of continuously stretching the samples while simultaneously
recording the resistance data, ensuring high fidelity in data acquisition (Additional details are available at this
GitHub repository: https://github.com/SoumadeepDe/Stretch-Machine.git). Sample S1 was excluded from the
test series due to coating instability. The resistance measurements for each cycle were meticulously logged to
observe the variations within each stretching cycle. For each cycle, 100 resistance readings were measured and
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Fig. 8. (a) Plot of resistance vs. displacement of samples S2 to S7, (b) Plot of resistivity of plasma-printed
samples S2 to S7 at zero displacement.
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Table 6. Resistance variation with displacement for samples S2-S7 during multiple stretch tests across the
10th, 100th, and 1000th cycles.
plotted against stretching displacement. We then calculated and plotted the average resistance for each cycle
throughout the 1000 cycles. We observed notable fluctuations in resistance over-stretching displacement for
multiple stretching cycles.
Table 6 represents the resistance hysteresis of the 10th, 100th, and 1000th stretching cycles. Sample S2 showed
an initial resistance of 61.8 Q). When we stretched it to 0.8 mm on the 10th time, the resistance shot up to about
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Table 6. (continued)

409.3 kQ but returned to 79.36 Q) when relaxed. By the 100th stretch, it started at 46.43 ohms, went up to 2.82
kQ when stretched to 1 mm, and then settled at 63.97 Q) when relaxed. At the 1000th stretch, the initial resistance
was a bit higher at 49.3 Q, peaked at 3.32 k(}, and came down to 74.23 Q) at the end of the stretch.

Sample S3 began with a resistance of 41.18 Q) at the 10th stretch, increasing to 747 Q) at its most stretched and
then decreasing to 47.81 Q). The 100th stretch saw it start at 35.48 (3, but then the resistance went off the chart at
0.7 mm, showing the limits of our equipment. It returned to 43.37 Q) afterward. The 1000th stretch began at 46.89
Q, shot up again past our measuring capabilities at a smaller stretch of 0.54 mm, and dropped back to 58.05 Q
once unstretched. Sample S4 had a lower initial resistance of 6.02 Q. At the 10th stretch, it went up to 39.64 Q
at 0.9 mm and came down to 7.93 Q. By the 100th stretch, it began at 6.83 ), increased to 49.87 Q) at the same
0.9 mm stretch, and reduced to 8.17 Q after relaxing. At the 1000th stretch, it started at 6.08 Q, climbed to 63.86
Q at 0.76 mm, and then went down to 9.59 Q.

Sample S5 showed an initial resistance of 1.36 Q. It reached 46.6 Q at full stretch and settled at 2.01 Q when
unstretched. Its resistance rose to 142.8 Q at the 100th stretch and returned to 2.78 Q) at rest. By the 1000th
stretch, the resistance surged to 3.3 kQ before relaxing to 3.04 Q. Sample S6 presented notable fluctuations.
Starting at 1.73 ), it spiked to 204 kQ) before breaking at the 10th stretch. It reconnected at 8.75 kQ) and ended at
46.06 Q. At the 100th stretch, it went from 10.43 Q to 22.6 kQ), exceeding our equipment’s limits. It reconnected
at 40.8 kQ) and finished at 25.6 Q. At the 1000th stretch, it began at 20.07 Q, increased to 8.9 k(), surpassed the
measurement limit, and reconnected at 1.05 kQ, finally decreasing to 37.7 Q. Sample S7 started at 1.85 Q and
increased to 234.8 Q) at the 10th stretch, then reduced to 3.38 Q. It began at 1.8 Q at the 100th stretch, went up
to 204.8 Q, and returned to 2.34 Q. At the 1000th stretch, it started at 2.45 €}, increased slightly, then jumped
beyond our measuring ability, reconnected to 4.4 Q) at 0.34 mm, and finished at 2.6 Q.

We plotted the average resistance for 1000 cycles (Fig. 9a-f), with the average resistance calculated from the
100 data points of each stretching cycle. The continuous values of 65.53 kQ) represent breaking in the conductive
structures and are detailed in the supplementary section. From the figure, sample S4 shows a much linear response
in the average resistance concerning stretching displacement. After 1000 stretching, the average resistance of the
S4 sample changes from 14.18 to 35.8 Q) (Fig. 9¢c). All other samples show breaking in the conductive structures
during testing. This behavior indicates a breakdown in the conductive structure at 10% elongation, highlighting
the material’s response to mechanical stress and its temporary resilience in electrical conductivity upon release
of tension. This pattern of resistance fluctuation provides critical insights into the durability and mechanical
limits of the conductive pathways embedded in the PDMS substrate.

We selected Sample S5 for printing an electronic circuit on a PDMS substrate after reviewing all data. This
circuit was designed to accommodate nine SMD LEDs. The LEDs were attached using silver-based conductive
glue instead of soldering to avoid damaging the printed circuit with high temperatures. After the glue was cured
at room temperature, the circuit underwent various tests to assess its feasibility. These tests included bending,
stretching, twisting, and rolling the circuit to evaluate its durability and performance under different conditions
(Fig. 10).
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Fig. 9. Average resistance variation with displacement for samples S2-S7 during multiple stretch tests.
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Fig. 10. Durability testing of the PDMS-based electronic circuit with SMD LEDs: bending, twisting, rolling,

and stretching assessments.

Conclusion

We demonstrated the effectiveness of atmospheric plasma-aided inkjet printing in fabricating conductive
structures on PDMS substrates using silver nanoparticle ink, specifically designed for wearable electronics.
A stretchable electronic circuit was adeptly created on a flexible PDMS base, emphasizing the practicality of
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this advanced technology. Through SEM analysis, significant variations in surface morphology were noted,
underscoring the critical role of plasma treatment in enhancing surface roughness and conductivity. The rapid
inert gas post-print plasma treatments proved to be an effective low-temperature alternative to traditional
sintering, significantly improving the electrical performance of the structures and ensuring their functionality
in flexible applications. Optimal conditions were achieved at a plasma voltage of 17 kV, which fostered excellent
adhesion and surface quality without damaging the substrate. The robustness and durability of these conductive
paths were evaluated through rigorous testing—including stretching, bending, and resistivity analysis under
dynamic conditions to mimic real-world usage. This research propels the field of materials science and catalyzes
the development of flexible, durable, and efficient electronic components, positioning atmospheric plasma-aided
inkjet printing as a transformative approach for the future of wearable technology.

Data availability
Detailed information of custom-made stretching banding equipment is available on GitHub repository via this
link. https://github.com/SoumadeepDe/Stretch-Machine.git.
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