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ABSTRACT 

Inkjet printing is a promising technique for printed microelectronics due to low cost, 

customizability and compatibility with large-area, flexible substrates. However, printed 

line shapes can suffer from bulges at the start of lines and at corner points in 2D line 

patterns. The printed pattern can be multiple times wider than the designed linewidth. 

This can severely impact manufacturing accuracy and achievable circuit density. Bulging 

can be difficult to prevent without changing the ink-substrate-system, the drying 

conditions or the circuit design, all of which can be undesirable. Here, we demonstrate a 

novel printing methodology that solves this issue by changing the order in which drops 

are placed on the substrate. The pattern is split up into segments of three drops where the 

central drop is printed last. This symmetric printing prevents the unwanted ink flow that 

causes bulging. Larger bulge-free patterns are created by successively connecting 

segments. Line formation in both traditional linear printing and our novel segmented and 

symmetric printing was analyzed to understand and optimize results. The printing of X-, 

T- and L-shapes is considerably improved compared with the traditional linear printing 

methodology. 

 

INTRODUCTION 

Printed electronics is a promising new paradigm for the low-cost manufacturing of 

microelectronics [1–3] especially on large-area flexible substrates such as plastic and 

paper [4,5]. A range of devices have been printed including passive components [6], 

antennas [7], transistors [8–10], organic LEDs [11] and sensors [12,13] for applications 

such as RFID tags [14], flexible displays [15] and large-area sensing [16]. In particular, 

micro-inkjet printing is a common technique that allows designs to be customized on-the-



Journal of Micro and Nano-Manufacturing 

3 

 

fly. A wide range of functional materials can be printed including conductors, insulators 

and semiconductors. Inkjet printing deposits ink droplets on a substrate that are ejected 

from a nozzle, typically using piezoelectric actuation (see Fig. 1). Ink droplets on the 

substrate coalesce to form a continuous pattern before the solvent dries off. Several 

subprocesses of the inkjet process have been studied and optimized. The interaction 

between the ink and the nozzle is crucial to achieve stable drop formation and jetting. 

Many studies have focused on nozzle design, waveform parameters and ink formulation 

[17–25]. However, in this work we focus on pattern formation after drops have been 

deposited on the substrate. Various patterns have been studied in the past including lines 

[26–32], rectangles [33–35] and more complex 2D patterns [36–38]. A commonly 

observed non-ideality in inkjet-printed line patterns is bulging. Large ink bulges can form 

at the beginning of lines or at intermediate positions along lines locally increasing 

linewidth potentially to multiple times the intended linewidth. Bulging at intermediate 

locations along straight lines can be solved by increasing the spacing between drops [28–

30]. 

However, bulges at the beginning of lines have not been solved satisfactorily yet. 

Duinevald explains that bulging forms at the very start of the line when droplets merge 

due to cohesive forces [26]. As they merge, they form an ellipsoid shape rather than an 

elongated line to minimize surface energy. This ellipsoid forms the basis for the bulge at 

the beginning of a line. Droplets of spherical shape smaller than the bulge are 

continuously added to the front of the leading bead of the line. The difference in shape 

between the start and the leading edge of the line creates a pressure imbalance within the 

line due to differences in Laplace pressure. This pressure gradient creates a flow of liquid 
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from the front end of the line to the back of the line, where a bulge is being formed. As 

droplets are being added, the bulge expands, further lowering its pressure and driving ink 

towards it. As the line grows, resistance to flow increases eventually stopping growth of 

the bulge at the start of the line with a new bulge potentially being formed at the leading 

edge of the line. This process is illustrated in Fig. 2. This process has been observed not 

only for the starting point of simple lines but also at corners in 2D line patterns such as 

L-, T- and X-shapes [3,38,39]. This is the case because, for example, the second leg of an 

L-shape can be understood as the start of a new line with the opportunity for a bulge to 

form as described above. One reported remedy for this problem is an increase in print 

speed i.e. decreasing the time for unwanted flow in between deposition of subsequent 

droplets [26,31] but print speed cannot always be increased sufficiently as observed for 

the ink-substrate system here. Unwanted flow can also be suppressed by immediately 

solidifying each drop before the next drop is printed. This can be achieved by printing on 

a heated substrate, by immediately UV curing a UV curable ink or by interleaving drops 

with the first set of drops dried before the next set is printed. Without careful control, 

these methods can lead to a coin stacked morphology, which is undesirable for 

microelectronics, especially multi-layer devices, due to excessive roughness [28]. 

Without changing the ink-substrate-system [32], the only other reported remedies for this 

problem require the printed shapes to be changed. A guiding droplet has been printed 

next to the starting point of lines to divert the bulge to this side and keep a transistor 

channel clear [40]. A similar strategy has been applied to 2D line shapes by printing an 

anchoring structure at the beginning of the desired pattern to absorb the bulge [38]. 

Printing of wider lines, not single but multiple droplets wide, has also been shown to 
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remove bulging [38,39]. These solutions work in certain situations but are not general 

and limit the devices and circuits that can be printed. Here, we demonstrate a novel 

general method that removes bulges from the beginning of lines and corners in 2D line 

patterns for three ink-substrate-systems that otherwise exhibit bulging. 

We recognize that the cause for bulging is a pressure imbalance within a line. Here, this 

pressure imbalance and thus bulging is prevented by changing the order in which drops 

are placed. Traditionally, drops are placed in a linear fashion from the start of the line to 

the end. We break this up by subdividing the line into smaller segments that are 

successively connected together. Every time segments are connected, it is ensured that 

both sides have the same pressure and therefore no bulges form due to pressure 

imbalances. The smallest segment consists of three droplets. First, the two outer droplets 

are printed and then connected by the third droplet at the center. There is no net force on 

this last center droplet due to the symmetry of the segment. Subsequently, multiple such 

segments are connected together using a connecting droplet without creating new 

pressure imbalances. The method is illustrated in Fig. 3. This segmented and symmetric 

printing methodology is similar to drop interleaving and can therefore be implemented 

with current printing technology; however, drops are not dried between passes, which can 

lead to coin stacking, and drop placement order and spacing are chosen carefully to avoid 

unwanted flow. This methodology allows us to print lines and 2D line shapes (L, T and 

X) without bulging. 
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METHODS 

Equipment, Materials and Processes 

A custom-built inkjet printer is used to deposit ink droplets on the substrate. The printer 

features independent x- and y-stages that allow vectorized motion of the substrate relative 

to the printhead. Any sequence of drop positions can be freely programmed using a 

custom LabView program. The printhead is a piezoelectric nozzle purchased from 

Microfab Technologies Inc. with a 60µm orifice diameter (MJ-ATP-01-060). We studied 

three different ink-substrate systems with two different representative inks (one 

conductor, one dielectric) on three different substrates (two different glass substrates, one 

polymer). The conductor ink was a commercial silver nanoparticle ink (ANP DGP 40LT-

15C) with particle size of 35nm, viscosity of 16cP and tri(ethylene glycol) monoethyl 

ether as the major solvent. The dielectric ink was poly-4-vinylphenol (PVP), which is a 

commonly used polymer dielectric in printed electronics [41–44]. PVP was dissolved in 

1-hexanol with a viscosity of 10cP. The solvents of both inks have a low vapor pressure 

at room temperature ensuring stable jetting without ink drying in the nozzle. The low 

vapor pressure ensures that the printed ink on the substrate has sufficient time to flow and 

reach its equilibrium state before drying. This also avoids the coin stacked morphology 

where ink dries sufficiently fast to avoid any flow but resulting surface roughness can be 

undesirable for microelectronic devices. Therefore, drying effects did not need to be 

taken into account when analyzing the flow that led to the final patterns. It was confirmed 

that all ink flow had terminated before recording optical micrographs of the final patterns 

by observing the ink flow with an angled camera during and immediately following 

printing. Inks were subsequently dried for 30 minutes on a hotplate at 150°C (silver) and 
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210°C respectively (PVP). Chemicals were purchased from Sigma-Aldrich except for the 

silver ink, which was purchased directly from Advanced Nano Products Co. The two 

glass substrates were Corning® EAGLE XG® display glass and FisherbrandTM 

microscope slides. The polymer substrate was prepared by spin coating PVP onto display 

glass and cross-linking with poly(melamine-co-formaldehyde) methylated at 210°C for 

30 minutes on a hotplate. PVP is commonly used as a smoothing layer for printed 

electronics on low-cost substrates [5,45]. Glass slides were cleaned in an ultrasonic bath 

for 30 minutes each in acetone and isopropanol and blow-dried in between and 

afterwards. During printing, substrates were fixed in place on the stage using vacuum. 

Print speed was 100mm/s and no improvement in bulging was observed when the print 

speed was set to the maximum achievable speed of 300mm/s. Drop volume and velocity 

of the ink ejected from the nozzle were measured using a camera and a stroboscopic light 

source that was synchronized with the jetting frequency [46,47]. Stationary images of 

droplets were taken at different delay times as they leave the nozzle giving a drop 

velocity between 1 and 2m/s depending on ink and jetting conditions. Stroboscopic 

imaging also confirmed that stable jetting without random variations was achieved. The 

contact angle of the ink on the substrate was measured using the sessile drop method by 

jetting a large number of droplets and observing the spherical cap of liquid forming on 

the substrate with a sideview camera. The sessile drop was small enough (approximately 

1mm diameter) to exclude the effect of gravity.  



Journal of Micro and Nano-Manufacturing 

8 

 

Printing Methodology 

Two different printing methodologies were tested. Traditional linear printing of droplets 

was used as a baseline comparison. Droplets were placed with a drop spacing (DSp) that 

was constant within each line. Lines with different drop spacing values were printed to 

find the optimum spacing and verify theoretical calculations. The drop spacing was 

varied from 50µm to 120µm. Fig. 2 illustrates this linear printing methodology. 

Symmetric printing followed the same experimental methods; however, the order 

droplets were placed in was changed. The smallest component of a symmetrically printed 

line is a three-drop segment. The first droplet is printed at location (0, 0). Move twice the 

drop spacing (DSp) away to print the second droplet at (2*DSp, 0) (printing in the x-

direction). Move back a single unit of drop spacing to place the third droplet at the center 

between the two droplets at (DSp, 0). The newly added droplet placed in between the two 

existing droplets has no net force acting on it thereby preventing unwanted fluid flow. 

The symmetric printing of segments is illustrated in Fig. 3 (a). These three-drop segments 

are the basis of our segmented printing approach. Building on these segments, lines of 

greater length can be built following the same rules used to create the segments. 

Segments/droplets of equal volume are connected by printing a connecting droplet in 

between segments. An important parameter is the spacing between segments before they 

are connected together. This was termed the connecting drop spacing (CDSp) and defined 

as the center-to-center spacing between the outermost drop in a segment and the 

connecting drop (see Fig. 3 (b)). The same segmented printing can be applied to more 

complex two-dimensional shapes such as X-, L- and T-shapes (see Fig. 3 (c)). In this 

case, the individual legs of the shapes are printed using our segmented and symmetric 
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approach before they are connected together with another droplet at the corner point. In 

our test structures, each leg contains two segments of three drops each with the same DSp 

and CDSp found optimal for straight lines. 

RESULTS AND DISCUSSION 

Table 1 summarizes the experimental results of characterizing droplets and ink-substrate-

interface. Droplet radius was measured in the air on the way to the substrate after being 

ejected from the nozzle. The observed drop cross-section was circular without satellites 

and thus drop volume was calculated assuming a spherical drop shape. The drop radius of 

an isolated drop on the substrate after drying (RS) was used to calculate the contact angle 

and it was confirmed that this value agrees well with the contact angle measured using 

the sessile drop method. These values were used in subsequent calculations to understand 

line formation and predict optimal drop spacing. RS was used to normalize geometrical 

quantities such as drop spacing and linewidth as is common in related work [27–32]. The 

non-dimensional drop spacing was defined as y=DSp/RS. This characterization of the 

drops in the air and of the ink-substrate interface is crucial to understand and optimize the 

line formation process. 

Linear Printing 

In order to serve as a benchmark and to study the effect of bulging in lines, PVP lines 

were first printed using the traditional linear drop placement method. Fig. 4 shows such 

lines for different values of drop spacing. One can clearly observe a bulge at the start of 

each line except for the largest drop spacing where the line starts to break up. This case of 

strong bulging in our ink-substrate system is illustrative of the bulging phenomenon. One 
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can also observe strong scalloping along the length of the line for large values of drop 

spacing. Some degree of scalloping persists all the way down to a drop spacing of 65µm, 

which is a relatively small drop spacing for this drop volume and contact angle 

corresponding to a normalized drop spacing y=0.93.  

There are two main published theories to determine the maximum drop spacing in an 

inkjet-printed line above which scalloping occurs [27,28]. Both predict the width of the 

line by dividing drop volume by drop spacing to calculate the liquid volume per unit line 

length. This corresponds to the cross-sectional area of a line. The line width can be 

determined from this by correcting for contact angle (θ) according to the following 

equation: 

(1) 

Stringer et al [27] compare the predicted line width to the diameter of an isolated drop on 

the substrate. If the drop diameter is larger than the line width, scalloping is possible. In 

our system, this occurs at a normalized drop spacing y of 1.2. Graphically in Fig. 5, this 

corresponds to the intersection of the predicted line width curve (solid line) and the 

horizontal line representing the isolated drop diameter on the substrate. However, we find 

that experimental line width (circles) never exceeds the isolated drop diameter for any 

drop spacing we tested. This is due to the fact that liquid is removed from the line as it 

flows to the bulge. This means Eq. (1) overestimates liquid volume per unit length and 

consequently line width when significant bulging is present. The prediction becomes 

accurate for large values of drop spacing where bulging is diminished. Soltman et al [28] 

consider the radius of the droplet after initial expansion when it makes contact with the 

𝑊𝑙𝑖𝑛𝑒 =   

𝑉𝑑𝑟𝑜𝑝

𝐷𝑆𝑝  
𝜃

sin   𝜃 2   −   
1

tan 𝜃 
 
 



Journal of Micro and Nano-Manufacturing 

11 

 

end of the line. The radius of this impinging drop is calculated by simple geometry 

assuming the line terminates with a semi-circular contact line of radius equal to half the 

linewidth: 

(2) 

Soltman found that stable lines without scalloping can occur when the impinging drop 

diameter is less than the linewidth and always occur when the radius of the impinging 

drop is less than zero i.e. when the drop lands directly on the existing line. The former 

condition occurs at a normalized drop spacing of 1.65 in our case, which is well inside 

the scalloping regime. Therefore, focusing on the latter condition yields a normalized 

drop spacing of 1.06 when using line width predicted by Eq. (1) in Eq. (2). However, we 

do still observe some minor scalloping for drop spacing less than 1.06. This is due to the 

reduced line width caused by the bulge at the start of the line (see Fig. 5 for illustration). 

If this is taken into account, the impinging drop radius crosses zero at a drop spacing of 

approximately 0.85. This is in good agreement with experimental results where we 

observe no scalloping for drop spacing of 0.86 and below. Fig. 5 shows the difference in 

calculated impinging drop radius when linewidth is predicted without taking into account 

bulging (dashed line) and using experimental linewidth (squares). Hsiao et al have also 

observed an underestimation of the impinging drop radius by Eq. (2), although in their 

case this was due to a combination of drop impact inertia and a non-pinned contact line 

[31]. The results presented here illustrate the interaction between the effects of scalloping 

and bulging, which can occur simultaneously. In such a case, varying drop spacing alone 

cannot create a smooth line without either bulges or scallops. In the next section, a novel 

segmented and symmetric drop placement approach is demonstrated that can achieve 

𝑅𝑑𝑟𝑜𝑝 ,𝑖𝑚𝑝𝑖𝑛𝑔𝑖𝑛𝑔 =  𝐷𝑆𝑝 −
𝑊𝑙𝑖𝑛𝑒

2
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smooth lines in such situations without changing substrate, ink, drying conditions or 

pattern. 

Symmetric Printing 

The key to solving the bulging issue is to not allow a bulge to form at the start of a line. 

Here, this is achieved by symmetrically printing segments of three drops i.e. depositing 

the outer two drops first before printing the central drop that connects them. Fig. 6 shows 

such three-drop PVP segments printed with different drop spacing. Segments exhibit 

bulging for small values of drop spacing up to 95µm (y=1.36). Segments become straight 

for larger values of drop spacing until the onset of scalloping can be observed at 120µm 

(y=1.71). Fig. 7 shows the experimental linewidth measured at the center of the segment 

for all three ink-substrate systems. The three different ink-substrate systems differ in 

terms of contact angle and drop volume leading to a different drop radius on the 

substrate. Once drop spacing and line width are normalized by RS (see Fig. 7 (b)), the 

three systems exhibit very similar behavior except the normalized linewidth increases 

slightly with decreasing contact angle. This leads to slightly different values of optimal 

drop spacing y= 1.3, 1.6 and 1.7 respectively for contact angles 43.4°, 23.4° and 17.5°. In 

order to predict these different regimes, one can calculate the width of the segment and 

compare it to the size of an isolated drop. By the time the third drop is added, the two 

outer drops have spread fully to the same extent as isolated drops because the time scale 

for drop spreading is microseconds [48] and the time between drop ejection is on the 

order of milliseconds. If the calculated linewidth is larger than the diameter of isolated 

drops, bulging will be observed. If the calculated linewidth is smaller than the diameter of 

isolated drops, scalloping will be observed. Linewidth calculated using Eq. (1) (dashed 
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line in Fig. 7) is significantly smaller than experimental values. Equation (1) assumes an 

infinitely long line without taking into account the effect of line termination. This is not 

the case for short three-drop line segments. The two ends of the segment exhibit 

additional curvature of the liquid surface. In order to maintain equilibrium and balance 

pressure with the straight center of the line segment, the liquid surface at the ends needs 

to deform from the spherical cap shape of an isolated drop. The equilibrium shape of 

three-drop segments was calculated using the open source software Surface Evolver. The 

results of this model (solid lines in Fig. 7) exhibit much better agreement with experiment 

than Eq. (1). The optimal drop spacing found for segments was subsequently used to print 

larger lines. 

The final step to create larger line patterns is to connect the individual three-drop 

segments together by placing a connecting drop in between. If the same drop spacing is 

used for the connecting drop as for the segments, the average drop spacing will be too 

large to form a line without scalloping. In a long line, the average drop spacing is simply 

the mean between the drop spacing within segments (DSp) and the connecting drop 

spacing between segments (CDSp). In this situation, the assumptions of Stringer’s model 

are a good representation i.e. a uniform semi-infinite line. Therefore, the average drop 

spacing should exhibit the same ideal value as predicted by Stringer (1.18 for PVP on 

glass). If the connecting drop spacing is the same as the segment drop spacing, the 

average drop spacing will be much larger (1.57). This leads to significant scalloping as 

observed in Fig. 8 (a). CDSp needs to be reduced to prevent this. The minimum value 

CDSp can take is the radius of the contact line at the end of each segment, which is 

approximately equal to the radius of an isolated drop on the substrate. If CDSp is reduced 
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further, segments will touch before they are connected by a connecting drop in a 

controlled fashion. This leads to unwanted bulging. Therefore, the minimum normalized 

CDSp is 1. The corresponding average drop spacing is 1.29, which is close to the ideal 

drop spacing. Fig. 8 (b) confirms that for all three ink-substrate systems lines printed with 

this minimum CDSp exhibit much reduced scalloping and no bulging as observed for 

linear printing. 

The same segmented printing approach was applied to 2D X-, T- and L-line shapes. 

These shapes can be understood as a new line starting from the crossing point, which 

means bulging can occur. By printing each leg separately first and subsequently 

connecting them, there is no pressure imbalance that will cause bulging. Fig. 9 (a) shows 

X-, T- and L-shapes that were printed using the traditional linear methodology. One can 

observe both bulges at the beginning of legs and at the crossing point manifested as a 

convex contact line. In the case of the X-shape, the two bulges merged together. 

Conversely, shapes printed with the segmented approach do not exhibit bulging at the 

start of legs or the crossing point (see Fig. 9 (b)). One can still observe some corner 

rounding at the crossing point, which is due to surface energy minimization of the liquid 

ink. Surface energy minimization is the second mechanism that causes non-idealities in 

printed corners even when no bulging is present. It was not optimized here because our 

method focuses on bulges that lead to catastrophic pattern distortions such as those 

exhibited by X-shapes in Fig. 9 (a) (i). The size of the non-ideality is reduced and the 

contact line is concave confirming that the cause for the remaining non-ideality is surface 

energy minimization rather than bulging. The area of the non-ideality at the crossing was 

reduced by 75% for X-shapes, 32% for T-shapes and 34% for L-shapes. For X-shapes, 



Journal of Micro and Nano-Manufacturing 

15 

 

the bulge at the crossing and the bulge at the front of the right line have flown together. 

To estimate the area of the bulge at the crossing, the average area of a bulge at the front 

of a line was subtracted from the overall bulge area. If the bulges at the beginning of all 

lines are also considered, our method reduces the total non-ideality area by 85% for X-

shapes, 61% for T-shapes and 65% for L-shapes respectively. Fig. 10 shows the effect of 

varying the spacing between legs in X-shapes. The range of possible values for the 

spacing is limited. If the spacing is too small, legs will touch before being connected in a 

controlled fashion. If the distance is too large, legs will not be connected by the 

connecting drop. One can observe a small reduction in corner rounding as the spacing 

between legs is increased but all X-shapes show similar behavior without bulging or 

scalloping. 

CONCLUSIONS 

A novel drop placement methodology for inkjet-printed line patterns is presented. 

Traditional linear printing can lead to bulging at the start of lines and scalloping, which 

can occur simultaneously as demonstrated here. Line formation was studied for this case 

to understand the interaction between the two effects. It was found that bulging can 

promote scalloping. This is solved by changing the order in which droplets are placed on 

the substrate. First, segments of three drops are printed where the central drop is printed 

last. The symmetry in this structure prevents bulges from forming if the right drop 

spacing is chosen. Then, such segments are connected with another drop to form larger 

line patterns including X-, T- and L-shapes without bulges and with minimal scalloping. 

This is a considerable improvement over traditional linear printing. The method was 
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demonstrated and studied for three different ink-substrate systems. Future work could 

extend this to other ink-substrate systems including the effect of substrate roughness. 
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NOMENCLATURE 

 

DSp Drop Spacing within linear lines and symmetrically printed segments 

CDSp Connecting Drop Spacing between symmetrically printed segments 

Rs Drop radius on the substrate 

y Drop spacing normalized by RS 

R0 Drop radius in flight before hitting substrate 

Vdrop Drop volume 

θ Contact angle 

Wline Linewidth 
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Figure Captions List 

 

Fig. 1: Illustration of the inkjet printing process 
 
Fig. 2: Illustration of the generation of bulges in linear printing due to pressure driven 

flow as subsequent drops are added to a developing line 
 
Fig. 3: Illustration of the segmented and symmetric printing methodology. (a) First, 

segments of three drops are printed by placing the central drop last. Due to the symmetry, 

bulging can be prevented. The most important parameter is the spacing between drops 

(DSp). (b) Second, three-drop segments are connected with a drop in between segments. 

The connecting drop spacing (CDSp) is different from DSp within segments. (c) Finally, 

longer lines or 2D patterns (e.g. X-shapes) are created by subsequently connecting more 

and more segments. 
 
Fig. 4: PVP lines printed in a linear fashion with varying drop spacing. Bulging is clearly 

visible at the start of lines (top) with small drop spacing. Scalloping is also clearly visible 

for large values of drop spacing. The two regimes overlap. The only line without any 

bulging exhibits line separation (DSp=120µm). Scale bar represents 200µm. 
 
Fig. 5: (a) Illustration of scalloping mechanism induced by bulging. (i) With a bulge at 

the start of the line, ink is removed from the line reducing linewidth. Newly added drops 

land outside of the existing line and spread before merging with the line leading to 

scalloping. (ii) Without bulge for the same drop spacing, linewidth is larger. New drops 

land directly on the existing line preventing scalloping. (b) Stability diagram to identify 

drop spacing below which no scalloping occurs. Both axes show dimensions normalized 

by RS. Stringer’s model predicts this transition at the crossing point of the predicted line 

width (solid line) and the diameter of an isolated drop (horizontal line). However, 

experimental linewidth (circles) is less than the predicted value due to ink being removed 

to the bulge. Soltman’s model considers where the diameter of impinging drops crosses 

zero as they make contact with the line. This gives good agreement with experimental 

values (transition at y=0.86) when the impinging diameter is calculated using 

experimental (squares) rather than predicted (dashed line) linewidth. 
 
Fig. 6: Segments of three PVP drops printed symmetrically with varying drop spacing. 

Scale bar represents 200µm. 
 
Fig. 7: Linewidth at the center of three-drop segments printed symmetrically as a function 

of drop spacing for three different ink-substrate systems. (a) absolute dimensions and (b) 

dimensions normalized by drop radius on substrate. Optimum drop spacing corresponds 

to segments with linewidth just above twice the drop radius (horizontal line in (b)). 
 
Fig. 8: Symmetrically printed lines with two (left) and four (right) segments. No bulging 

is observed. (a) Connecting drop spacing between segments is the same as drop spacing 

within segments. (b) Connecting drop spacing is reduced to minimum, significantly 
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reducing scalloping. (i) PVP on glass. (ii) Silver on polymer. (iii) Silver on glass. Scale 

bar represents 200µm. 
 
Fig. 9: X-, T- and L-shapes printed with (a) traditional linear method and (b) segmented 

and symmetric method without bulging. Insets illustrate printing methodologies. PVP on 

glass. Scale bar represents 200µm. 
 
Fig. 10: X-shapes symmetrically printed with varying spacing between legs. The spacing 

between the center of the innermost drop in each segment and the center of the central 

connecting drop is (a) 110µm (b) 120µm (c) 130µm and (d) 140µm. PVP on glass. Scale 

bar represents 200µm. 
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Table Caption List 

 

Table 1: Measured properties of droplets in air after being ejected from nozzle and at 

interface with substrate 
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Fig. 1: Illustration of the inkjet printing process 
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Fig. 2: Illustration of the generation of bulges in linear printing due to pressure driven 

flow as subsequent drops are added to a developing line 
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Fig. 3: Illustration of the segmented and symmetric printing methodology. (a) First, 

segments of three drops are printed by placing the central drop last. Due to the symmetry, 

bulging can be prevented. The most important parameter is the spacing between drops 

(DSp). (b) Second, three-drop segments are connected with a drop in between segments. 

The connecting drop spacing (CDSp) is different from DSp within segments. (c) Finally, 

longer lines or 2D patterns (e.g. X-shapes) are created by subsequently connecting more 

and more segments. 
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Fig. 4: PVP lines printed in a linear fashion with varying drop spacing. Bulging is clearly 

visible at the start of lines (top) with small drop spacing. Scalloping is also clearly visible 

for large values of drop spacing. The two regimes overlap. The only line without any 

bulging exhibits line separation (DSp=120µm). Scale bar represents 200µm. 
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Fig. 5: (a) Illustration of scalloping mechanism induced by bulging. (i) With a bulge at 

the start of the line, ink is removed from the line reducing linewidth. Newly added drops 

land outside of the existing line and spread before merging with the line leading to 

scalloping. (ii) Without bulge for the same drop spacing, linewidth is larger. New drops 

land directly on the existing line preventing scalloping. (b) Stability diagram to identify 

drop spacing below which no scalloping occurs. Both axes show dimensions normalized 

by RS. Stringer’s model predicts this transition at the crossing point of the predicted line 

width (solid line) and the diameter of an isolated drop (horizontal line). However, 

experimental linewidth (circles) is less than the predicted value due to ink being removed 

to the bulge. Soltman’s model considers where the diameter of impinging drops crosses 

zero as they make contact with the line. This gives good agreement with experimental 

values (transition at y=0.86) when the impinging diameter is calculated using 

experimental (squares) rather than predicted (dashed line) linewidth. 
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Fig. 6: Segments of three PVP drops printed symmetrically with varying drop spacing. 

Scale bar represents 200µm. 
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Fig. 7: Linewidth at the center of three-drop segments printed symmetrically as a function 

of drop spacing for three different ink-substrate systems. (a) absolute dimensions and (b) 

dimensions normalized by drop radius on substrate. Optimum drop spacing corresponds 

to segments with linewidth just above twice the drop radius (horizontal line in (b)). 
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Fig. 8: Symmetrically printed lines with two (left) and four (right) segments. No bulging 

is observed. (a) Connecting drop spacing between segments is the same as drop spacing 

within segments. (b) Connecting drop spacing is reduced to minimum, significantly 

reducing scalloping. (i) PVP on glass. (ii) Silver on polymer. (iii) Silver on glass. Scale 

bar represents 200µm. 
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Fig. 9: X-, T- and L-shapes printed with (a) traditional linear method and (b) segmented 

and symmetric method without bulging. Insets illustrate printing methodologies. PVP on 

glass. Scale bar represents 200µm. 
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Fig. 10: X-shapes symmetrically printed with varying spacing between legs. The spacing 

between the center of the innermost drop in each segment and the center of the central 

connecting drop is (a) 110µm (b) 120µm (c) 130µm and (d) 140µm. PVP on glass. Scale 

bar represents 200µm. 
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Ink PVP Silver 

Substrate Display glass Glass slide PVP polymer 

Drop radius in air R0 (µm) 30 37.75 

Drop volume Vdrop (pL) 113 225 

Drop radius on substrate RS (µm) 70 97 70 

Contact angle θ 23.4° 17.5° 43.4° 

 

Table 1: Measured properties of droplets in air after being ejected from nozzle and at 

interface with substrate 

 
 
 


