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A B S T R A C T   

In the rapidly advancing field of electronics, there is a growing demand for devices to be miniaturized with high- 
resolution patterns and compact, straightforward configurations, all while maintaining cost competitiveness. 
Precision patterning of conductive nano ink based on inexpensive metals offers an effective solution. This 
technique has proven compatibility with numerous integrated electronics. However, conventional patterning 
techniques face difficulties achieving high resolution, uniform thickness, and compatibility with environments 
prone to oxidation. Here, we optimize the reverse offset printing process and its ink formulation for green 
manufacturing of high-quality, high-resolution conductive micropatterns. The oleate ligand on the surface of Cu 
nanoparticles (CuNPs) is replaced by polyvinylpyrrolidone, which is more suitable for the steric stabilization of 
CuNPs in eco-friendly, polar solvent. Then, in consideration of the reverse offset printing mechanism, solvents 
and additives are evaluated to prepare a reverse offset printable ink. By examining the change in printability 
according to the composition and process parameters, we determine the printable composition range and process 
conditions. High-quality CuNP micropatterns with a fine line width of 10 μm, narrow spacing, sharp edge 
definition, and high uniformity are achieved. Finally, the reverse offset printed CuNP micropatterns are suc-
cessfully implemented in thermistor microarrays as a potential application.   

1. Introduction 

The progress in electronics has led to a trend toward device minia-
turization, necessitating the development of high resolution and 
compact components. Micropatterning of conductive materials is crucial 
for the fabrication of various electronic devices, such as biomedical 
sensors [1–3], energy storage devices [4–7], solar cells [8,9], and 
light-emitting diodes [10–12]. Traditionally, micropattern production 
has relied on lithography-based manufacturing systems. However, lith-
ographic techniques involve substantial costs, high energy consumption, 
and significant environmental impact due to the need for specialized 
equipment and the use of hazardous chemicals. To address these chal-
lenges, we need to develop alternative, environmentally friendly, and 
cost-effective bottom-up micropatterning techniques. 

Printing techniques, such as inkjet, screen, and gravure printing, 
have emerged as appealing alternatives to lithography [13–19]. These 

methods offer high-rate and straightforward processing of micro-
patterns, along with a significant reduction in environmental impact 
through the direct patterning of metal nano inks. Furthermore, they can 
be integrated with roll-to-roll processes for high throughput and 
large-area production [20,21]. However, these techniques still face 
challenges, including inefficient use of ink, low accuracy, and insuffi-
cient process reliability [10,13,22]. Despite numerous studies on printed 
electronics, the morphology and resolution of printed patterns often fail 
to meet the requirements, which are key determinants of electronic 
device performance. 

Recently, reverse offset printing has gained attention due to its 
ability to produce various shapes of micropatterns with low minimum 
line width and high pattern uniformity [10,23]. The success of reverse 
offset printing heavily depends on the proper selection of conductive 
materials and the formulation of nano inks with controlled flow char-
acteristics [24]. Cu nanoparticles (CuNPs), as a cost-effective candidate 
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for conductive materials, are gaining attention due to their high elec-
trical conductivity and compatibility with microscale patterns [25,26]. 
However, copper’s low chemical stability limits the choice of solvents 
and additives for ink formulation. The patterning method must be 
carefully controlled to avoid corrosive chemicals and environments 
prone to oxidation. These limitations degrade the quality of micro-
patterns, necessitating the development of a new micropatterning 
technique that can produce high-quality micropatterns using CuNPs. 
Therefore, it is imperative to develop an optimized ink formulation 
based on CuNPs and establish a comprehensive understanding of process 
parameters for high-resolution micropattern printing. 

In this study, we explored the reverse offset printing technique and its 
ink formulation to facilitate the green manufacturing of high-quality, high- 
resolution CuNP micropatterns. We achieve superior steric stabilization of 
CuNPs in an eco-friendly, polar solvent such as isopropyl alcohol by 
replacing the oleate surface ligand on CuNPs with polyvinylpyrrolidone 
(PVP). Various solvents and additives, including tackifiers and surfactants, 
were evaluated according to the mechanism of reverse offset printing to 
realize the physical properties of the ink suitable for printing. We also 
focused on the variation in printability in terms of compositional and 
process parameters, which can determine optimal compositional ranges 
and process conditions for printing. As a result, we produced high- 
resolution reverse offset printed CuNP micropatterns with a minimum 
line width of 10 μm, excellent pattern quality, fine line spacing, clear edge 
definition, and excellent pattern uniformity regardless of pattern curva-
ture. Finally, reverse offset printed CuNP micropatterns were successfully 
incorporated into thermistor microarrays. 

2. Experimental section 

2.1. Ligand exchange of CuNPs 

15, 30, and 45 g of polyvinylpyrrolidone (PVP, MW = 40,000, Sigma- 
Aldrich) was added into 120 mL of N,N-dimethylformamide (DMF)- 
dichloromethane (DCM) solvent (1:1, v/v), respectively. Then, the PVP 
solution was mixed with 10 mL of oleate-stabilized CuNP dispersion 
(dispersed in toluene, 30 wt% of CuNPs, DNF Co. Ltd., Korea). The so-
lution was sonicated for 30 min to effectively exchange the ligand and 
was subsequently centrifuged to eliminate excess PVP. The final CuNP 
dispersion was prepared by redispersing in isopropyl alcohol (IPA) to 
CuNP content of 40 wt%. 

2.2. Preparation of CuNP ink for high-resolution reverse offset printing 

CuNP ink was formulated by incorporating solvents and additives in 
specific proportions. Polyurethane diol (PU diol, Sigma-Aldrich), sili-
cone additive (BYK-Chemie GmbH, Germany), polyacrylate binder 
(BYK-Chemie GmbH, Germany), propylene glycol methyl ether acetate 
(PGMEA, Daejung Chemicals & Metals Co., Korea), and isopropyl ace-
tate (IPAC, Daejung Chemicals & Metals Co., Korea) were sequentially 
introduced into the 40 wt% of CuNP dispersion. The fabricated CuNP ink 
was mixed for 1 h before use. 

2.3. Reverse offset printing and intense pulsed light irradiation 

CuNP ink was coated on a silicone blanket (#700-STD, Fujikura Co., 
Japan) using slot-die coater at a rate of 6 μL s− 1 for 5 s. The distance 
between the blanket and coater was adjusted according to the desired 

Fig. 1. (a) Schematic representation of the CuNP micropatterns’ reverse offset printing process, (b–d) Illustrations detailing the ink’s physical properties that in-
fluence the coating and transfer quality in reverse offset printing, (e–g) Diagrams showing process parameters, emphasizing microcrack formation and viscoelastic 
behavior, vital for effective reverse offset printing. 
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ink film thickness. After drying for several seconds, the CuNP ink-coated 
blanket was rolled onto the silicon-based cliché (National Nanofab 
Center, Korea) with 15 kgf of contact pressure. Then, the fabricated 
CuNP micropatterns on blanket was transferred on to polycarbonate 
(PC) film (C100–250 μm thickness, Sejin T.S. Co., Ltd., Korea). The 
temporal margin of all the test was within 1~2 min. The intense pulsed 
laser (IPL) irradiation was conducted at driving voltages of 300–450 V 
for 5 ms using a xenon lamp flash system (PulseForge 1300, Novacen-
trix, USA). 

2.4. Characterization of CuNP ink and micropatterns 

The dispersity of CuNP in IPA solvent was assessed by Turbiscan 
analyzer (Turbiscan LAB, Formulaction). Contact angles of CuNP ink 
with various silicone additive contents were measured using a drop 
shape analyzer (DSA100, Kruss). CuNP micropattern images were ac-
quired with field-emission scanning electron microscopy (SU4800, 
Hitachi) and an optical microscope (Nikon, Eclipse LV100). The elec-
trical properties of IPL irradiated CuNP film were evaluated through the 
digital source meters (2636A, Keithley). Atomic force microscopy (AFM) 
analysis of the CuNP micropatterns was performed using non-contact 
AFM (XE7, Park Systems). 

2.5. Fabrication of thermistor array using reverse offset printed CuNP 
micropatterns 

The thermistor array was fabricated via reverse offset printing of the 
prepared CuNP ink. The printed array was annealed at 400 ◦C in an N2 
glove box to prevent oxidation. After annealing, each thermistor circuit 
was connected to the digital source meter (2636A, Keithley) using silver 
paste and conducting wire. Thermal images were captured by an IR 
camera (FLIR C3, FLIR Systems, Inc.). 

3. Results and discussions 

3.1. Reverse offset printing mechanism focused on ink properties and 
process parameters 

Fig. 1a provides an overview of the micropatterning process for 
CuNPs via reverse offset printing. The process commences with the 
formation of a thin, semi-dry ink film on a silicone blanket using slot-die 
coating. Once the ink is coated, the solvent primarily evaporates, 
resulting in a semi-dry ink film with viscoelastic properties optimal for 
transfer-based micropatterning. This film is subsequently transferred to 
the cliché during the “off” phase. The non-patterned segments of the ink 
film are then removed by coming into contact with the inverse pattern 
on the cliché. In the final “set” phase, the micropatterned ink film 

Fig. 2. (a) Evolution of backscattering intensity (ΔBS) for CuNP dispersions with varying polyvinylpyrrolidone (PVP) concentrations over time, (b) Turbiscan 
stability index (TSI) plotted against settling time for CuNP dispersions with different PVP concentrations, (c) Composition of ink under diverse solvent and additive 
conditions, with CuNP content consistently at 28 wt% and the residual composed of IPA/IPAC, (d) Measured contact angles between the silicone blanket and CuNP 
ink, considering different silicone additive quantities. Inset: Visual comparison of Ink 1 and 3 coatings on the blanket, (e) Optical microscopy images of CuNP 
micropatterns produced using reverse offset printing with ink formulations of 3 wt% (Ink 5) and 6 wt% (Ink 6) PGMEA, (f) Optical microscopy images of CuNP 
micropatterns printed using ink formulations of 1 wt% (Ink 7) and 6 wt% (Ink 8) PU diol, (g) Graphical representation of component proportions in the reverse offset 
printable CuNP ink, with color-coding indicating optimal component ratios. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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remaining on the blanket is transferred to the desired substrate. 
Fig. 1b–d highlights the crucial physical properties of CuNP ink 

required for effective film formation and transfer in reverse offset 
printing. The ink’s surface energy plays a pivotal role in determining the 
film formation quality during slot-die coating, as shown in Fig. 1b. If the 
ink displays a high surface energy on the blanket, it ensures seamless 
wettability [27], eliminating issues like ink shrinkage or the formation 
of pinholes. Enhancing the ink’s coating quality can be achieved by 
integrating surface energy modifiers and opting for blanket substrates 
that have a high surface energy when exposed to organic solvents. 
Post-coating, it is imperative to quickly achieve a semi-dry state with the 
proper viscoelasticity for transfer, as depicted in Fig. 1c. The boiling 
point (b.p.) of the solvents used plays a critical role in reaching this 
semi-dry state. Furthermore, the ink’s tackiness is vital for facilitating 
interactions with the cliché. If tackiness is inadequate, it fails to produce 
the necessary adhesion to bond with the cliché during the “off” phase. 
The final consideration, illustrated in Fig. 1d, is the balance between the 
ink’s adhesive and cohesive forces. For instance, if the ink film’s adhe-
sive force with the cliché is weaker than its bond with the blanket, it will 
not separate from the blanket. Conversely, if the cohesive force is 
weaker than the adhesive force, the film will rip [10,28]. Thus, man-
aging additives to balance ink adhesion and cohesion becomes essential 
for the success of reverse offset printing. 

After optimizing the ink’s coating and transfer capabilities, we must 
consider process parameters to produce high-quality CuNP micro-
patterns. When the semi-dry ink film interacts with the cliché, it expe-
riences shear stresses, especially along its edges. As pressure is applied, 
these stresses lead to microcrack formations, which expand as the 
blanket rises, causing the ink to separate. A well-established fact is that 
the ink film’s shear strength, particularly near the pattern’s edge, de-
termines the maximum printable width [24]. Therefore, factors like film 
thickness (Fig. 1e) and contact pressure (Fig. 1f) are vital, as they 
modulate the ink film’s shear strength. It’s worth noting that excessive 
pressure might cause the ink film to sag, settling at the bottom of the 
cliché. Moreover, the patterning speed becomes a key parameter 
because the viscoelastic properties of semi-dry films change over time, 
as shown in Fig. 1g. Evaluating the tolerance levels of these parameters 
for specific ink compositions is crucial for ensuring high-quality Cu 
electrode micropatterning through reverse offset printing. 

3.2. Optimization of physical properties of CuNP ink for reverse offset 
printing 

CuNPs, with an average diameter of 50 nm, were utilized to produce 
reverse offset printing ink, as shown in Fig. S1. The inherent hydro-
phobic nature of oleate ligands’ alkyl terminals means that the as- 
prepared CuNPs have limited stability in alcoholic solvents. To ensure 
high dispersity and stabilization in alcoholic solvents, the oleate ligand 
was exchanged with PVP, following a method reported in the previous 
study [29]. However, introducing excessive PVP compromises the 
electrical conductivity of CuNP micropatterns due to PVP’s intrinsic 
insulating properties. To ascertain the optimal amount of PVP, we 
analyzed the dispersion stability of CuNPs in IPA based on varying PVP 
concentrations using Turbiscan analysis. Fig. 2a and S2 depict the al-
terations in backscattering (ΔBS) and transmission intensity (ΔT) of 
CuNP dispersions treated with 0.125, 0.250, and 0.375 g mL− 1 of PVP. It 
became evident that for the CuNP dispersion with 0.375 g mL− 1 of PVP, 
both ΔBS and ΔT remained consistent across all scanned heights. In 
contrast, notable variations were observed for dispersions with 0.125 
and 0.250 g mL− 1 of PVP based on the settling time. In addition, the 
Turbiscan stability index (TSI) was calculated using the following 
equation: 

TSI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(xi − xBS)
2

n− 1

√

(1)  

where xi is the average value of the transmission light intensity, xBS is 
the average value of the backscattered light intensity, and n is the 
number of scanning. As illustrated in Fig. 2b, the TSI of the CuNP 
dispersion with 0.125 g mL− 1 of PVP rose over time, peaking at 0.78 
after 120 min. However, as PVP concentration increased, the TSI’s rate 
of change diminished. Notably, the TSI for 0.375 g mL− 1 of PVP rose 
only to 0.12, signifying the dispersion’s enhanced stability in IPA. 

However, the physical properties of CuNP dispersions are not 
entirely aligned with the prerequisites for superior reverse offset print-
ing. Therefore, building on the physical properties highlighted in Fig. 1, 
CuNP inks were developed. This involved assessing how various solvents 
and additives influenced these properties. Fig. 2c displays the ink 
compositions formed using diverse solvents and additive combinations 
for comparative evaluation. PU diol, recognized for its dihydroxy 
functional oligomer, is highly soluble in hydrophilic solvents and ex-
hibits a remarkable viscosity (8000 cP at 25 ◦C). Given its significant 
impact on overall ink attributes, such as cohesive interaction and 
viscoelasticity [22], PU diol was given primary consideration. Fig. S3 
demonstrates that CuNP dispersions without PU diol struggle to produce 
a consistent film after coating on a silicone blanket and exhibit poor 
transfer capabilities to glass substrates. In contrast, the CuNP dispersion 
with 3 wt% PU diol (Ink 1) successfully created a thin CuNP film on the 
blanket and facilitated its transfer to glass substrates. However, the 
coated film still needs refinement, as evident from defects like ink 
shrinkage and pinhole formation observed in Fig. S3c. 

To achieve a perfectly coated CuNP film without any defects, the 
surface energy must be tailored to the silicone blanket. A silicone additive 
serves as an effective surface energy modifier, allowing for precise control 
over the ink’s hydrophobicity. Fig. 2d and S4 illustrate the variation in the 
ink’s contact angle on the silicone blanket with silicone additive concen-
trations of 0, 0.5, and 1 wt% (corresponding to Inks 1, 2, and 3). The 
contact angle of the CuNP ink was found to decrease from 13.9◦ to 9.8◦ as 
the silicone additive content increased from 0 to 1 wt%. This suggests that 
the ink’s wetting and leveling properties have been enhanced. The coating 
quality of Inks 1 through 3 is showcased in Fig. S5. Notably, surface 
tension discrepancies between the ink and the blanket led to the emer-
gence of craters and pinholes in Inks 1 and 2. However, Ink 3 was defect- 
free. It’s important to note that excessive insulating additives can 
compromise the electrical characteristics of conductive ink, making 1 wt% 
the optimal concentration for the silicone additive. 

To facilitate consistent transfer and achieve the desired viscoelas-
ticity, the semi-dry state of the ink was adjusted. PGMEA, a solvent with 
a high b. p. of 146.4 ◦C, was used to retain the ink’s semi-dry condition. 
Fig. S6 depicts the CuNP ink film with PGMEA concentrations of 0, 1, 
and 3 wt% (corresponding to Inks 3, 4, and 5) post-transfer onto a 
plastic substrate. A PGMEA concentration of 3 wt% was identified as the 
optimal amount, ensuring a seamless ink transfer without any imper-
fections. However, an excessive PGMEA content hinders process effi-
ciency, as the ink demands a prolonged drying period. Fig. 2e displays 
CuNP micropatterns produced using reverse offset printing with CuNP 
ink containing 3 and 6 wt% PGMEA (Inks 5 and 6) over identical pro-
cessing times. Notably, CuNP micropatterns created with Ink 6 dis-
played irregular line edges due to compromised cohesion resulting from 
high residual solvent levels. 

Furthermore, balancing the cohesive and adhesive forces of the 
CuNP ink is critical for achieving superior micropatterning through 
reverse offset printing. This balance was attained by finely tuning the 
amount of PU diol in the ink. Fig. 2f presents CuNP micropatterns pro-
duced using varying amounts of PU diol. A micropattern edge tear was 
evident when the PU diol concentration was at 1 wt% (Ink 7), sug-
gesting that the ink’s adhesive force was not robust enough to counteract 
the cohesive forces, preventing clean separation along the cliché’s 
engraved pattern. Additionally, when the PU diol concentration was 
increased to 6 wt% (Ink 8), the ink in the non-patterned regions failed to 
separate due to overpowering adhesion. 
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The precision transfer properties, such as edge sharpness and 
dimensional accuracy, have been enhanced using a polyacrylate binder. 
Fig. S7 reveals that line pattern morphology was ambiguous for the ink 
devoid of the polyacrylate binder (Ink 5), suggesting incomplete ink 
separation during the “off” phase. Yet, with increasing polyacrylate 
binder content, the quality of the micropatterns improved. In particular, 
a clear and dimensionally accurate shape was evident with 1 wt% of the 
polyacrylate binder (Ink 9). Fig. 2g and S8 provides insights into the 
printing characteristics based on the specific ratios of each solvent and 
additive present in the CuNP ink for reverse offset printing. 

3.3. Evaluation of reverse offset printing process parameters for optimized 
CuNP inks 

To fabricate high-resolution micropatterns and assess the process 
margins of the optimized ink, we examined the process parameters that 
control microcrack generation and propagation. The ink film’s thickness 
emerges as a pivotal factor in determining the resolution of reverse offset 
printing. Fig. 3a and S10 display optical microscopy images capturing 
the minimum printable line width as the film thickness spans from 600 
to 1500 nm. It was deduced that line patterns with a minimum line 
width of 10 μm could be achieved with a maximum thickness of 800 nm. 
However, this minimum width expands to 30 μm when the thickness 

Fig. 3. (a) Optical microscopy images displaying a variety of ink film thicknesses in reverse offset printed line patterns. All scale bars represent 50 μm, (b) Optical 
microscopy images of 20 μm line patterns created with contact pressures of 5 kgf (left) and 15 kgf (right), (c) The connection rate and width error (calculated as the 
ratio of printed line pattern width to cliché pattern width) across different patterning speeds. 

Fig. 4. (a) Optical microscopy images of CuNP micropatterns ranging in line width from 10 μm to 30 μm, (b) Scanning electron microscopy (SEM) image of a CuNP 
micropattern with a line width of 10 μm, (c–d) Optical microscopy images showcasing various shapes of CuNP micropatterns, (e) Atomic force microscopy (AFM) 
image of CuNP micropatterns. 
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reaches 1500 nm. This is because a thicker film demonstrates height-
ened cohesion, demanding amplified shear stress to instigate micro-
cracks along the pattern edge, thereby limiting the achievable line 
width. Moreover, contact pressure can enhance the shear stress along 
the pattern’s edge. As depicted in Fig. 3b, micropatterns created with a 
contact pressure of 5 kgf struggled to clear the nonpatterned ink film 
areas due to inadequate microcrack generation. A higher contact pres-
sure leads to more pronounced deformation of the silicone blanket 
within the cliché’s intaglio, promoting crack initiation at the edges. 

Fig. 3c evaluates the printing quality of micropatterns, each with a 
line width of 20 μm, against varying patterning speeds. At patterning 
speeds up to 4.5 mm s− 1, most patterns remained intact and preserved 
their line widths without significant width errors (the ratio of printed 
line pattern width to cliché pattern width). Note that imperfect transfer 
can occur at low patterning speeds below 1 mm s− 1 due to the time- 
dependence viscoelastic behavior of semi-dry inks [30]. At a 
patterning speed of 6 mm s− 1, however, the pattern connection rate 
dropped by nearly 50 % and there was a substantial deviation in line 
width. It is known that printing reliability decreases at fast patterning 
speeds because sparse contacts between the ink and the cliché causes 
hole defects by trapping air [31]. Therefore, the optimized CuNP ink was 

capable of reliable reverse offset printing at a maximum patterning 
speed of 4.5 mm s− 1. 

3.4. High-resolution reverse offset printing of CuNP micropatterns 

Fig. 4a displays a range of line widths of micropatterns produced via 
reverse offset printing using the optimized CuNP ink. Micropatterns with 
widths of 10, 20, and 30 μm were successfully fabricated, all boasting 
exceptional pattern quality. The SEM image in Fig. 4b reveals a uni-
formly structured micropattern with sharply defined edges, suggesting 
effective control over crack induction by fine-tuning ink properties and 
process parameters. Impressively, CuNP micropatterns of various cur-
vatures and shapes can be fabricated, irrespective of printing direction, 
as depicted in Fig. 4c and d. Notably, compared to other techniques like 
inkjet, screen, and gravure printing, reverse offset printing excels in 
producing high-quality, high-resolution metal micropatterns [14,16,20, 
32]. In addition, Fig. S11 presents that there was no significant variance 
in the profile regardless of film thickness. An AFM investigation, pre-
sented in Fig. 4e and S12, shows that these micropatterns possess a 
uniform and smooth surface with a root-mean-square roughness (Rrms) 
of 4.45 nm. 

Fig. 5. (a) Schematic depiction of a thermistor array printed using reverse offset with CuNP ink. Inset: Optical microscopy image highlighting a specific CuNP 
micropattern within the thermistor array, (b–c) Design blueprint of the cliché micropattern (b) juxtaposed with a photograph of the resultant printed thermistor array 
(c), (d) The variation of resistance with temperature for thermistors having line widths of 30, 50, and 100 μm, (e) A photograph of the printed thermistor array in 
direct contact with objects at different temperatures (top) complemented by a thermal image (bottom), (f) The resistance fluctuations for each thermistor in the array, 
as referenced in Fig. 5e, (g) Real-time resistance changes of the printed thermistor throughout a cyclic heating-cooling-initialization procedure. 
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Given CuNP’s susceptibility to oxidation at elevated temperatures, 
annealing techniques demand careful consideration to safeguard the 
ink’s electrical properties. IPL irradiation capitalizes on the photo-
thermal effect to swiftly anneal CuNP micropatterns within sub- 
milliseconds, minimizing oxidation risks [33–36]. Fig. S13 showcases 
the IPL irradiation outcomes at various driving voltages for CuNP 
micropatterns. It was observed that, at 300 V, some residual organics 
lingered, while at 450 V, the plastic substrate sustained damage. This 
trend was mirrored in the electrical properties of the irradiated CuNP 
film. The film’s sheet resistance plummeted to 0.23 Ω sq− 1 at 400 V, but 
surged to 1.31 Ω sq− 1 at 450 V, likely due to conductive network dis-
ruptions from excessive heat. Note that IPL irradiation is effective even 
for CuNP film as thick as the maximum printable thickness, as shown in 
Fig. S14. Thus, IPL irradiation at optimal driving voltages can anneal 
CuNP micropatterns without triggering oxidation. 

3.5. Fabrication of thermistor microarrays using reverse offset printed 
CuNP micropatterns 

This fine-tuned reverse offset printing process of CuNP paves the way 
for cost-effective mass production of compact electronic devices. 
Fig. 5a–c depicts a reverse offset printed thermistor array, crafted using 
the optimized CuNP micropatterning process. This array, arranged in a 
3 × 3 grid, houses thermistors, each spanning an area of 3 mm. The 
resistance of a thermistor, with a 100 μm line width, starts at approxi-
mately 285 Ω at 0 ◦C and climbs to roughly 310 Ω at 60 ◦C, as shown in 
Fig. 5d. The derived temperature coefficient of resistance (TCR) for this 
thermistor was 1.48 × 10− 3◦C− 1, aligning with values found in other 
silver nanoparticle-based thermistors [32,37–39]. Even when initial 
resistances escalated to around 2 kΩ by narrowing the line width to 50 
and 30 μm, the TCR remained consistent, hovering between 1.3 and 1.8 
× 10− 3◦C− 1, as shown in Fig. S15. Given that micropattern nano-
structures significantly influence thermistor TCR values, these findings 
underscore the capability of our reverse offset printing method to 
consistently generate high-quality CuNP micropatterns regardless of line 
width. 

To demonstrate the practical applications of the CuNP thermistor 
array, the temperature was monitored by placing hot (~40 ◦C) and cold 
(~13 ◦C, measured by thermal camera) objects on top of the array, as 
shown in Fig. 5e. Fig. 5f displays the relative resistance changes (ΔR/R0) 
of corresponding thermistors. The ΔR/R0 mapping plot mirrored the 
thermal imagery from Fig. 5e, suggesting the feasibility of crafting a 
microarray for temperature detection using our printed CuNP micro-
patterns. Finally, Fig. 5g presents real-time temperature measurements 
from the thermistor during a cyclic heating-cooling-initialization 
regimen. The results affirm that the reverse offset printed thermistor 
operates flawlessly, reflecting real-time resistance changes as tempera-
tures steadily shift from 0 ◦C to 40 ◦C. 

4. Conclusion 

In summary, we successfully developed a high-resolution reverse 
offset printing technique for CuNPs. We optimized the ink formulation 
and process parameters to facilitate environmentally friendly 
manufacturing of high-quality Cu conductive patterns. The oleate sur-
face ligand on the CuNPs was replaced with PVP, which is proper for the 
steric stabilization of nanoparticles in eco-friendly, polar solvents. The 
optimized ink was carefully engineered by adding polyurethane diol, 
silicone additive, PGMEA, and polyacrylate binder to achieve the 
physical properties of the ink suitable for reverse offset printing. Addi-
tionally, by observing changes in printability according to composition 
and process parameters, we determined the printable composition range 
and process conditions. The high-quality CuNP micropatterns with a 
minimum line width of 10 μm, various shapes, and curvatures were 
fabricated, exhibiting outstanding pattern quality and smooth surface 
morphology. Finally, the reverse offset printed CuNP micropatterns 

were successfully implemented in temperature detection microarrays, 
demonstrating the practical potential of reverse offset printing for the 
mass production of compact electronic devices. We anticipate that our 
comprehensive realization of reverse offset printing of CuNP micro-
patterns will suggest a cost-effective direction for the development of 
advanced printed electronics. 
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