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Highlights

What are the main findings?

e Impression roller displacement influenced the morphology and sheet resistance of
printed layers.

e Smaller displacements produced halo effects and viscous fingering but lower
sheet resistance.

e Higher displacements improved the dimensional fidelity of printed features.

What are the implications of the main findings?

e  Print quality alone does not necessarily predict electrical conductivity.

e Displacement selection requires a balance between print fidelity and electrical per-
formance.

e Impression roller displacement is an important parameter for optimizing
printed electrodes.

Abstract

Owing to its distinctive advantages, roll-to-roll flexographic printing has been widely used
for food packaging, newspapers, and magazine production. In recent decades, this mass-
production technique has also been utilized for printing electrodes on different substrates for
biosensors, transistors, batteries, supercapacitors, and solar cells. The printing process relies
on several parameters to achieve well-defined printed features, including printing speed,
separation between the printing plate and the substrate, and the rheological properties
of the ink. Herein, we investigated the effect of impression roller displacement on the
physical and electrical properties of printed graphite/carbon dot layers. Relative impression
displacement (RID) describes the displacement of the impression roller from a reference
position. It influences the distance between the printing plate cylinder and the impression
roller but does not directly represent the distance between them. Interestingly, deteriorated
print quality did not necessarily result in poorer electrical conductivity. At small impression
displacement (i.e., 48 pm), printing defects such as halo effects, viscous fingering, and
ink accumulation in unwanted regions were pronounced, with an average sheet resistance
of 168 £ 62 ()/sq. As the impression displacement increased to 500 pm, the definition
and morphological uniformity of the printed layers improved. However, the average sheet
resistance increased to 596 + 116 ()/sq. This study establishes the relationships between
impression displacement, coating morphology, and electrical performance, highlighting the
trade-off between improved feature definition and electrical conductivity in flexographically
printed conductive layers on paper substrates.
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1. Introduction

Flexographic printing is a technique that combines continuous operation at high speed
and roll-to-roll (R2R) processing [1]. While flexographic printing has been widely used
in the food packaging industry as well as in newspaper and magazine production, it
has expanded to other applications utilizing functional inks such as PEDOT:PSS [2,3],
silver [4], and dielectric materials to fabricate a range of electronic devices, including solar
cells [5,6] and Organic Thin-Film Transistors (OTFTs) [7,8]. Beyond electronic applications,
flexography has been used for drug delivery applications, allowing fast deposition of active
ingredients on rapidly dissolving oral film and reduced active pharmaceutical ingredient
(API) crystallization [9].

Compared to other printing approaches, for example, screen and inkjet printing, flexog-
raphy allows large-scale manufacturing across a wide range of flexible substrates, supports
constant web handling, and maintains relatively low cost per unit at industrial scale [10-12].
The technique enables controlled ink deposition over a large area with a single printing
pass and reduced pre- or post-processing steps compared to conventional microfabrication
approaches [13].

The working principle of flexographic printing is based on transferring a controlled
volume of ink immediately from the reservoir to engraved cells on the anilox roller. Subse-
quently, the ink deposits only onto raised features of a flexible photopolymer or elastomeric
printing plate. Upon contact with the substrate on the impression roller, the ink is fi-
nally transferred to the substrate, resulting in transfer of patterned ink to the substrate
surface [14,15].

Different printing parameters affect the physical and electrical properties of the printed
layers in flexography printing, including the printing speed [16], distance between the
printing plate on the printing plate cylinder and the substrate on the impression roller [17],
anilox roller volume [18] and ink rheology [19]. Despite the ability to control different
parameters in flexography printing, geometrical fidelity in flexographic printing remains
challenging [20]. Several phenomena have been reported either separately or in combina-
tion that limit the quality of the printed patterns. For example, halo effects were reported
in the past for flexographically printed layers. They are characterized by an accumulation
of excess ink surrounding the printed pattern [21]. The reasons behind this phenomenon
are linked to excessive pressure at the plate-impression cylinder nip [22], uneven pressure
distribution within the plate-impression cylinder induced by deformation of the printing
plate or mounting tape [23], and irregular ink transfer at the plate—substrate interface [24].
The relation between impression pressure and print fidelity is non-linear [25]. Initially,
increasing the nip pressure enhances plate—substrate contact and facilitates efficient ink
transfer [26], leading to considerable alterations of printing feature dimensions [27]. How-
ever, impression pressure exceeding the minimum required for optimal contact can promote
halo formation, ink-edge accumulation, and dot or feature widening [28]. Ink flow beyond
the feature boundaries provides an additional concept of dimensional distortion. A study
assessed the role of different substrate properties using coated and uncoated paper and
oriented polypropylene (OPP). Significant dimensional alteration was observed on the
OPP substrate due to lateral ink spreading [29]. A further class of instability developed
subsequently due to separation of the elastic printing plate from the substrate, known as
viscous fingering and attributed to Saffman-Taylor instability [30]. This mechanism occurs
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when the less viscous air penetrates and displaces the more viscous ink, forming finger-like
features [31]. Moreover, ink rheology can modify the features of viscous fingering. The
morphology of viscous fingering was disrupted by increasing ink fluid elasticities with
similar shear viscosity [32]. Ink rheology enhanced not only the viscous fingering formation
but also the printing plate elasticity [33], anilox dip volume, and printing velocity [34].
Overall, these phenomena represent distinct flexographic printing defects that may affect
ink distribution, resulting in geometrical fidelity and uniformity of printed features.

The impression applied between the printing plate and impression rollers is a key
factor dominating the flexographic dimensional print quality. A study investigated the
effect of several flexographic parameters including anilox volume, anilox force, and print-
ing force on printed line width using two conductive silver inks, silver-flake ink (LS-441
AW) and silver particle ink (HPS-021LV), on 125 ym polyethylene terephthalate (PET)
substrate, aiming to achieve a printed line finer than 45-100 ym. The findings revealed that,
within a printing force range of 50 to 400 N, the printing plate exhibited elastic deforma-
tion; however, when the printing force exceeded 400 N, irreversible plastic deformation
resulted [35]. Furthermore, Bould et al. quantified the effect of plate-substrate engagement,
different anilox roll specifications and dot pitch using a UV-curable cyan ink on Oriented
Polypropylene (OPP) film. Increasing the plate—substrate impression improved ink-film
uniformity, leading to higher solid density and tone gain; the optimal solid density was most
noticeable at engagements of 25-50 um [36]. Thus, despite intensive studies on the quality
of conventional flexographic print parameters, the effect of impression roller displacement,
which governs the spacing between the printing plate cylinder and the impression roller, on
the physical and electrical properties of printed graphite/carbon dot electrodes on paper
substrates has received particularly little attention.

Herein, we provide further insight into the effect of relative impression displacement
(RID) in flexographic printing. Specifically, we investigated the RK FlexiProof 100/UV,
supplied by [RK PrintCoat Instruments Ltd. (UK) ], in which the impression setting controls
the displacement of the impression roller relative to a reference position. This displacement
influences the distance between the printing plate cylinder and the impression roller; how-
ever, it does not directly represent the distance between them. The geometrical fidelity was
investigated with different distances between the plate and the paper substrate. Further-
more, the formation of printing defects such as halo effects, ink accumulation in unwanted
regions and viscous fingering was looked at with different impression displacements. In
addition, surface profile scans were undertaken to examine the effect of RID on the printed
layer as well as the underlying paper substrate. Finally, sheet resistance measurements were
carried out. This work provides insight into the influence of impression roller displacement
on the print quality and electrical performance of flexographically printed conductive layers,
which may be useful for the development of printed electronics.

2. Experimental Details

For this work, SunTronic conductive graphite/carbon dot ink (GFT4600) for flexo-
graphic printing was supplied by Sigma Aldrich, St. Louis, MO, USA. The graphite/carbon
dot ink used in this study was specifically formulated for flexographic printing. It consists
of 89.5 + 8.2 nm carbon dots [37]. According to the manufacturer, the ink has a nomi-
nal viscosity of 1300-1700 cP, measured using a Brookfield viscometer under low-shear
conditions. To further investigate its rheological behavior, viscosity measurements were
performed using a Brookfield viscometer (Model DV3TLVC]0), Middelborough, MA, USA.
at a temperature of 25 °C over a shear rate range of 0.10-0.21 s~!. The measured viscosity
was plotted against shear rate to obtain a basic flow curve and evaluate the flow behavior
of the ink. Printing was performed using an RK Flexiproof 100/UV manufactured by RK
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PrintCoat Instruments Ltd., Royston, UK. Printing was carried out on standard matte/gloss
proofing paper supplied by RK PrintCoat Instruments Ltd., Royston, UK. In this work,
the printing speed was set at 20 m/min, and an anilox roller consisting of a line count of
55 L/cm and volume of 18 cm®/m? was used. The relative impression displacement (RID)
was adjusted using the impression setting on the RK FlexiProof 100/UV, RK PrintCoat
Instruments Ltd., Royston, UK. Each division corresponds to 4 ym displacement of the
impression roller shaft/roller relative to the factory reference position (0000). The printing
plate roller remains fixed. Increasing the setting moves the impression roller away from the
printing plate roller. RID therefore represents displacement from the reference position
rather than the actual gap between the printing plate and the substrate or nip engagement.
The settings used were 0012, 0025, 0050, 0075, 0100, 0125, 0150 and 0175, corresponding to
RID values of 48, 100, 200, 300, 400, 500, 600 and 700 pm, respectively. The anilox setting was
kept constant at 0100, corresponding to 400 pm displacement from its reference position, as
recommended by the manufacturer. The nominal adjustment resolution was 4 pm.

The printing plate used for the experiments consisted of interdigitated electrodes
(IDEs) with a width and gap of 1 mm. The printing plate also consisted of supporting bars
at each side to assist in mounting the printing plate on the printing plate cylinder. Figure 1
illustrates a photograph of the flexography printer and the printing plate used for this study.
All printed papers were left at room temperature to dry.

Impression
roller
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the separation between the two rollers
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ns)\wn"\‘
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|
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Figure 1. Photographs of the flexography printer and printing plate used in this work.

After printing, photographs were taken of the IDEs to assess their morphological defi-
nition. Furthermore, an optical microscope connected to a digital MC-170 HD camera, Leica
Microsystems GmbH, Wetzlar, Germany, was used to explore the printing defects induced
on the interdigitated electrodes with different RID values. The use of an optical microscope
to examine geometrical fidelity in printed layers is well-known in the literature [38]. The
finger width and gap were measured using Image] software, version 1.54g, with the optical
microscope scale bar as the reference. Twenty measurements at different positions were
taken for each parameter, and error bars represent the standard deviation. The gap was
measured between the edges of adjacent printed fingers. Surface profiles were collected for
the printed supporting bars on the paper substrate. Surface profiles were measured using
a contact stylus profilometer (Dektak 150, Veeco Instruments Inc., Plainview, NY, USA),
which detects vertical stylus movements due to surface height variations and converts them
into a digital height-distance profile [39]. Measurements were performed at a stylus force
of 4 mg, with a horizontal sampling interval of 0.400 ym/sample and a nominal vertical
resolution of 8 nm in the selected 524 ym measurement range. The recorded data were
plotted using OriginLab software, Origin 2023b (OriginLab Corporation, Northampton,
MA, USA). Finally, sheet resistance was measured using a Jandel four-point probe system
(Model: RM3-AR) (Jandel Engineering Ltd., Leighton Buzzard, Bedfordshire, UK). Sheet
resistance was measured at five different positions on three independently printed samples.
Results are presented as the mean + standard deviation.
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3. Results and Discussion
3.1. Influence of Relative Impression Displacement on Print Quality

Figure 2 illustrates the variation in viscosity of the graphite/carbon dot ink with
increasing shear rate. The viscosity decreased from approximately 2440 to 1150 cP as the

shear rate increased from 0.10 to 0.21 s~1

, representing a reduction of approximately 52.9%.
This indicates that the ink exhibits shear-thinning (non-Newtonian) behavior [40], where
its apparent viscosity decreases with increasing shear rate. Such behavior suggests reduced
resistance to flow, which may facilitate ink transfer and spreading during flexographic

printing and influence the formation of printing defects, including viscous fingering.
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Figure 2. Variation in the viscosity of the graphite/carbon dot ink as a function of shear rate (0.10-0.21 s71),
demonstrating shear-thinning behavior.

Figure 3 shows a cross-sectional SEM image and surface profile of the unprinted paper
substrate. The average substrate thickness was 78 + 3.2 ym. The surface profile exhibited
an irregular topography with local peaks and valleys. The printed side of the paper had
a glossy finish, whereas the opposite side was matte, suggesting the possible presence
of a surface coating. Although absorbency was not measured directly, the printed layers
remained intact without visible swelling or deformation over time.

Figure 4 shows the printed G/CD IDEs at different RIDs. The printed layers remained
intact without swelling over time, suggesting satisfactory adhesion between the ink and
the paper substrate. Figure 4a—h correspond to RID values of 48, 100, 200, 300, 400, 500,
600 and 700 pm, respectively. When RID = 48 pum, the print quality looked poor, especially
at the edges where broadness was observed with poor edge definition. Ink accumulated
around the feature boundaries, resulting in irregular finger ends rather than well-defined
rectangular profiles. As the RID increased to 100 and 200 pm, similar print quality and edge
broadening existed. However, a very slight improvement in edge sharpness was noticed
as the RID increased from 48 to 200 ym. The poor print quality and edge irregularities
achieved for RID = 48 to 200 pm are attributed to the excessive impression induced by the
small RID, causing the ink to be laterally displaced. Figure 5a—f show the ends of fingers on
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the IDEs when RID = 48, 100, 200, 300, 400 and 500 pum, respectively. Figure 5a—c clearly
illustrate the printing defects discussed above.
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Figure 3. Characterization of the unprinted paper substrate: (a) a cross-sectional SEM image showing
the substrate thickness and (b) a surface profile obtained using stylus profilometry.

| (a) | | (b)| | (c) | I(d) I

Figure 4. Photographs of the flexographically printed G/CD IDEs at different RIDs: (a) 48, (b) 100,
() 200, (d) 300, (e) 400, (f) 500, (g) 600, and (h) 700 pm.

(2)

(b) (c) (d) (e) ()
o e N P YRR R

Figure 5. Enlarged photographs of the printed G/CD IDE finger ends at different RIDs: (a) 48, (b) 100,
(c) 200, (d) 300, (e) 400, and (f) 500 ym. The blue scale bar is 1 mm. The enlarged photographs show
the enhancement in print quality with increasing RID.
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As the RID increased to 300, 400 and 500 um, the print quality and pattern definition
improved. The printed fingers followed the rectangular profile of the printing plate with
an improvement in edge sharpness. As the RID increased to 500 pm, ink accumulation
drastically decreased around the edge boundaries, indicating reduced impression due to
the increased separation between the printing plate and the substrate on the impression
roller. The best print quality with sharpest edges was achieved at RID = 500 ym. The results
suggest that improved print quality is achieved as the printing condition approaches the
‘kiss-print’ condition, where sufficient contact between the printing plate and the substrate
is maintained for ink transfer without excessive impression. Deteriorated and incontiguous
ink transfer was noticed as the RID increased to 600 and 700 ym, with large areas being
unprinted. This suggests that the contact between the printing plate and the substrate was
not sufficient for ink transfer, hence leading to poor ink transfer. Therefore, the printed
layers at RIDs of 600 and 700 pm were excluded from the other experiments.

The photographic observations therefore demonstrate a clear dependence of the macro-
scopic print quality on the plate-to-impression separation. At smaller separations, excessive
impression resulted in broadened and poorly defined features, while intermediate separa-
tions provided improved pattern definition with complete ink transfer. However, excessive
separation ultimately resulted in incomplete printing due to insufficient contact between
the printing plate and the substrate.

The effect of different RID settings was further investigated with an optical microscope.
Figure 6 illustrates the printed G/CDs under the different RID values. The printed finger
width and gap are shown (Figure 6a—f) as well as the width and gap of the fingers on the
printing plate (Figure 6g). As can be seen, with the smallest relative impression displace-
ment (RID = 48 ym), ink tended to flow laterally with the induced load from printing.
This led to a halo-effect-like defect and was most pronounced at this RID value. As the
RID increased, the halo effects started to diminish to almost no halo effect in the RID range
of 300-500 um. The halo effects reduced the gap between adjacent fingers, but the gap
increased as the RID values increased. Additionally, as the RID increased, the definition of
the edges improved. With small RID values, the edges appeared to be rough.

It is also worth noting that ink accumulated at the junction between the printed track
and the fingers as displayed in the red squares in Figure 6. This is most likely attributed to
the excessive load induced between the printing plate and the substrate. During printing
at small RID values (i.e., 48-200 ym), an excessive amount of ink moved laterally away
from the printing regions beyond the edges, and this was mostly evident at the track—finger
junction. However, as the RID value was increased to 300 ym, this phenomenon started to
vanish. Therefore, small values of RID will lead to unwanted printing defects such as halo
effects and accumulation of ink at the junctions between the printed lines.

The mean width and mean gap of the printed fingers were measured and compared to
those of the printing plate. Figure 7a,b illustrate the measured finger width and finger gap
with different RID values relative to the printing plate (shown as red bands in the two line
charts). As can be seen, as the RID increased from 48 to 500 ym, the printed dimensions
started to follow the printing plate dimensions. Furthermore, Table 1 shows the measured
dimensions and the deviation as a percentage compared to the printing plate. The deviation
in printed finger width and gap relative to the printing plate dimensions was calculated using

Printed dimension — Plate dimension

Deviation (%) = ( ) x 100. (1)

Plate Dimension

The finger width and gap deviations were significant when RID = 48 ym. As the RID
increased from 48 to 500 pum, the deviation decreased from +37.60% and —28.02% to +2.6%
and —2.63% for the printed finger width and gap, respectively. Positive values of deviations
shown in Table 1 indicate that the printed dimension was larger than the corresponding
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printing plate dimension, whereas negative values indicate that the printed dimension
was smaller. Eventually, the printed fingers started to be close to the dimensions of the
fingers seen on the printing plate. The results here demonstrate that the relative impression
displacement in such a printer plays a major role in the morphology and geometrical fidelity

of printed patterns.
printed finger width
(a) o \i L =
RID = 48 pm N
42

- “‘;‘5“- :
:,{,L« Hpdes)

(b)

RID = 100 pm

(c)

RID = 200 ym

(d)

RID = 300 pm

(e)
RID = 400 pm

(f)

RID = 500 pm

(9)

printing plate &

Figure 6. Optical images of printed finger width and gap values and optical images of track—finger
junctions under different RID values, with the corresponding printing plate images. The scale bars are
200 pm except in the images showing the track—finger junctions, where they represent 500 pm. Printing
defects decreased with increasing RID. Red squares represent ink accumulation at the junction.
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Figure 7. (a) Printed finger width and (b) printed finger gap with different values of RID. The red
band denotes the printing plate dimensions. Results are presented as the mean + standard deviation
(n = 20 measurements). As RID increases, the dimensions of the printed layers become closer to
those of the corresponding features on the printing plate.

Table 1. Percentage deviation of the printed finger width and finger gap from the corresponding
printing plate dimensions at different RID settings.

Average Finger Average Finger  Finger Width Finger Gap

RID (pm) Width (pm) Gap (pm) Deviation (%) Deviation (%)
48 1373 + 20 712 £24 +37.60 —28.02
100 1211 + 18 725+ 19 +21.30 —26.74
200 1158 + 18 843 £ 16 +16.02 —14.74
300 1090 + 14 907 + 14 +9.31 —8.31
400 1076 + 14 927 £11 +7.87 —6.32
500 1023 £ 13 963 £+ 10 +2.60 —2.63

Figure 8a shows sections of the printed supporting bars with different RID values. The
effect of small RID (i.e., 48-200 ym) on the printing quality is also observed on larger printed
features. The supporting bars can be seen in Figure 1 on the printing plate. They were
investigated with a surface profilometer since they provide larger area analysis. Viscous
fingering was pronounced at RID = 48 ym and 100 ym. This is a phenomenon that is
widely present in flexographically printed layers [25]. It is a spontaneous pattern formation
phenomenon that occurs when fluid is transferred and usually appears in the form of finger-
like structures. It is induced by the replacement of highly viscous fluid with low-viscosity
fluid during printing and was classically described by Saffman and Taylor [24]. At the
smallest RID (48 ym), the higher printing load caused greater lateral ink spreading and
the formation of a wider ink layer between the printing plate and the substrate. During
separation, the less viscous air penetrated and displaced the more viscous ink, indicating
Saffman-Taylor-type interfacial instability. This divided the ink layer into liquid bridges
that were subsequently stretched and ruptured, producing the observed ribbing pattern
observed. As the RID increased, the printing load and lateral ink spreading decreased,
limiting the formation of these liquid bridges. Consequently, the ribbing pattern gradually
diminished and was almost absent within the RID range of 300-500 pm. It is also worth
noting that with increased RID, the printed bars looked more defined, with increased edge
uniformity at both sides [18].
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Figure 8. (a) Photographs and (b) corresponding 2D surface profiles of the printed supporting bars
at different RID values. The red arrow indicates the profilometer scan direction.

Figure 8b illustrates 2D surface profiles obtained using the Dektak Veeco 150 profilome-
ter. With RID = 48 um, a downward bend to around —52 pum is observed that decreases
with increasing RID. This is attributed to excessive induced load between the printing plate
and the paper substrate that gets reduced with increased RID. This also shows that reducing
the distance between the printing plate and the substrate may result in deformation of the
printed layer and the underlying paper.

At RID = 100 pm, two large peaks were observed near the edges of the printed support-
ing bar. These peaks are likely associated with the lateral displacement and accumulation
of ink at the bar edges under increased printing load. At RID = 48 yum, the greater printing
load caused stronger compression and wider lateral displacement of the ink, resulting
in a broad, flattened profile rather than distinct edge peaks. The pronounced curvature
observed at this setting may have further reduced the visibility of localized edge features.

Small peaks were also observed across the supporting bar, which became more appar-
ent with increasing RID. These peaks may correspond to the finger-like features observed
in the optical images (see Figure 9). At smaller RID, the greater printing load compressed
these features, making them less pronounced in the surface profiles. As the RID increased,
the reduced load allowed the finger-like features to retain a greater local height and become
more clearly detected by the profilometer. The profiles also suggest an apparent increase
in the deposited ink height with increasing RID. However, this observation represents a
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change in the local surface profile and does not necessarily indicate an increase in the overall
printed-layer thickness.

2 mm
N . T

Figure 9. Viscous fingers on the surface after printing with RID = 48 pm.

3.2. Influence of Relative Impression Displacement on Sheet Resistance

Figure 10 illustrates the measured sheet resistance with increasing RID. Interest-
ingly, at the smallest RID (i.e., 48 um), the average sheet resistance was at its lowest (i.e.,
168 £ 62 ()/sq). This finding may suggest a more consolidated layer and better intercon-
nection between G/CD particles despite the defects observed in the morphology. However,
increased ink transfer and a thicker film at higher nip pressure could also explain the lower
sheet resistance. The surface profiles in Figure 8 show greater downward bending of the
substrate at the smallest RID but do not establish the average printed-layer thickness or
confirm improved particle interconnection. At the next two RID values, the average sheet re-
sistance increased to 385 £ 40 (3/sq and 642 + 27 (3/sq for RID = 100 pm and RID = 200 pm,
respectively. These increases may be associated with reduced compression and changes
in ink transfer, potentially affecting particle interconnection and film thickness. The av-
erage sheet resistance then reached 726 + 45 ()/sq, 745 + 118 ()/sq and 596 + 116 ()/sq
at RID = 300 pm, RID = 400 pm and RID = 500 pm, respectively. The similar mean sheet
resistances at the fourth and fifth RID values, followed by a decrease at the largest RID,
may reflect variations in ink transfer and coverage. However, the overlapping standard
deviations warrant caution when interpreting these differences. Although the printed
layers at larger RID exhibited better printing definition and less deformation, their sheet
resistances remained higher than those printed at smaller RID. Therefore, the role of rela-
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tive impression roller displacement in flexography printing is significant. Printed layers’
morphological deformations in flexography with a small RID do not necessarily indicate
poor conductivity. Better printing definitions and less deformation can be achieved with
larger RIDs. Nevertheless, the conductivity is reduced with larger RIDs, with increased
variations in the measured sheet resistance of the printed layers.

900
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1 1
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400

Sheet resistance [Q/sq]

- N w
o o o
o o o
1 | |

o

I . 1 T T T T . T
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RID [um]

o

Figure 10. Sheet resistance vs. increasing RID values.

4. Conclusions

Herein, we explored the effect of impression roller displacement on the morphology
and electrical properties of flexographically printed graphite/carbon dot layers on paper.
The results showed that improved print quality did not necessarily result in lower sheet
resistance. At the smallest displacement of 48 um, the printed layers exhibited the lowest
sheet resistance of 168 + 62 ()/sq, despite the presence of halo effects and viscous fingering.
At 200 ym, where the printed features showed improved edge definition, the sheet resistance
increased to 642 + 27 ()/sq. At the largest displacement of 500 pm, the sheet resistance was
596 + 116 ()/sq.

These findings highlight the importance of selecting printing conditions according to
the intended application. Improved dimensional fidelity may be prioritized for devices with
closely spaced features, such as interdigitated electrodes, where unwanted ink spreading
could affect the electrode geometry or cause bridging. In contrast, lower sheet resistance may
be prioritized for conductive tracks and larger-area electrodes, provided that the observed
printing defects do not compromise their intended function. These results provide useful
guidance for the development of flexible, low-cost and mass-produced printed electronics
on paper substrates. Other parameters such as speed are worth investigating in the future.
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