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same printing parameters. The heating of the collector substrate to 120°C enabled both fiber 

adherence and, post-cooling, sample removal without damage. 

SEM images show the fiber morphology from above, side and underneath views indicating 

fiber fusion and embossing with increasing collector temperature varying from room 

temperature to 50°C, 100°C and 150°C (Figure 1). 

The fabricated constructs in Figure 1 seem to be strongly influenced by the collector 

temperature as the heat increases the stacking accuracy, as well as the solidification rate of the 

polymer jet. With increasing collector temperature, starting at 100°C, the fiber showed rougher 

surfaces due to spherulite formation. Similarly seen with PCL [19], these spherulites are formed 

by the slow cooling of the jet. Spherulite formation is expected to affect the alignment of 

polymer chains along the length of the printed fiber, with implications for beta-phase formation 

(Figure S2). Without the use of a heated collector, the resulting construct shows no fiber fusion 

limiting the handling of the construct (Supporting Video S1) and therefore, leading to an 

insufficient design stability. With the usage of a heated collector starting at 50°C, the fabricated 

constructs show slight fiber fusion (Figure 1). The underneath view of the constructs also 

shows increasing embossing of the fibers with increasing collector temperature. Figure 2A/B 

shows how the fiber deposition improves with the collector temperature of 120°C, while Figure 

2C shows how warping occurs with such scaffolds printed with the collector at RT.  

Scaffolds printed at RT or a collector temperature of 50°C seem to be influenced regarding 

their stacking accuracy by the printing speed (Figure S3). With increasing printing speed, 

varied from 1000, 2000 to 4000 mm/min, the scaffolds consist of more straight fibers with 

enhanced printing precision. The fastest speed significantly improved the layer stacking 

(supporting information Figure S3). 

At collector temperatures of at least 100°C, the lifting of the scaffolds has been reduced 

compared to room temperature, which might be due to the better adherence and melting of the 



 

 

first fibers printed onto the collector substrate, as indicated by the increasing embossing of the 

fibers (Figure 1). The heated collector leads to a slower solidification rate of the MEW jet, as 

well as an increase in the fiber area touching the collector substrate (Figure 1). This change in 

the jet behavior is also leading to less straight fibers when keeping the collector distance at 4.4 

mm, therefore, this gap required adjustments to a smaller distance of 3.3 mm. Furthermore, the 

differences in the cooling rates/solidification of the jet are leading to a change in the fiber 

morphology with increasing collector temperature. Fibers with spherulites can be seen starting 

at a collector temperature of around 100°C (Figure 1). Similar observations have been reported 

when MEW-processing polypropylene using a heated collector [16]. 

At collector temperature of 150°C, the processed fibers lose their roundish shape as well as 

the uniformity of the resulting strands. The collector distance was also further reduced to 

around 2.5 mm to process straight fibers. Furthermore, the cooling of the jet is not fast enough 

resulting in flattening of each fiber. The individual layers are still visible, nevertheless, the 

stacked fibers start to form a more solid-like wall. Therefore, a collector temperature of 150°C 

was defined as the maximum, as the fibers significantly flatten resulting in an increase in fiber 

diameter and a less roundish fiber shape. 

The maximum number of layers stacked upon each other was either limited due to the 

lifting of the scaffold, which was reduced using higher collector temperatures but was still 

present, or due to the heat of the print head getting too hot / close to the uppermost layer (Figure 

2D and Figure S4). It was observed that increasing collector temperatures allowed an 

increasing number of stackable layers up to a collector temperature of 100-120°C resulting in 

20 alternating layers due to the inhibiting warping phenomenon.  

 

However, with increasing number of layers, the height of the constructs increases as well, 

leading to a decrease in distance between the deposited fiber and the heated print head. This 

caused melting of the uppermost layer and resulted in �‡spheres�· appearing at the top of the 



 

 

scaffold, as shown in Figure 2D and in Supporting Video S2. While these are the result of an 

unintended artifact �– the excessive heating due to the proximity of the MEW head, the 

regularity and size of the spheres (206 ± 52 µm) may offer possibilities for certain applications 

and introduce a clear anisotropy between the top and bottom of the scaffold. Figure 2E 

summarizes how the maximum number of well-formed layers are affected by the collector 

temperature. 

With respect to utility of these structures on the scaffold, it was investigated for any 

possible superhydrophobicity in regard to similarities to favorable air-grid surface patterning 

[20, 21] and biomimetic structures [22]. The water contact angles of the processed scaffolds 

were measured to have a maximum average value of 134 ± 5° for a scaffold with a 250 µm 

fiber spacing printed with a 30G nozzle and a collector to print head distance of around 2.5 mm 

(Supporting Figure S5). This did not indicate a substantially higher contact angle over flat 

substrates, with results further summarized in Supporting Table S1. Similar contact angles, in 

the range of 136° to 153°, have been shown in literature for SES membranes [14, 23]. 

When balancing the decrease in the warping phenomenon, as well as sufficient fiber fusion 

(Figure 1), the focus for the increasing layer stacking will be on the collector temperatures at 

110°C and 120°C. Scaffolds printed at these collector temperatures and a printing speed of 

4000 mm/min resulted in well-stacked layers with up to 10 layers in x- and y-direction meaning 

a total of 20 alternating layers, as shown in Figure 3.  

The most promising results to enhance the printability of PVDF were achieved with a 

collector temperature of 110°C. The amount of layers was increased from previous results [5] 

printing five layers in each x- and y-direction to up to 10 layers in x- and y-direction. The 

resulting fibers already show spherulites on their surface similar to the scaffolds printed at a 

collector temperature of 150°C (Figure 1). Furthermore, the layers are well stacked on top of 

each other, however, due to the heat between the collector and the print head and the resulting 



 

 

reduced solidification, some of the fibers are sagging in-between the crossing points of the box 

structure. Even though the lifting and warping of the printed constructs was decreased, it was 

not achievable to completely prevent this phenomenon from occurring. 

The maximum scaffold height using PVDF is ultimately limited by the decreasing distance 

between the uppermost layer and the print head. As discussed in a previous review [3], the 

drawback of MEW regarding the lack of a wide variety of MEW-processable materials, as well 

as the freedom in design, is quite often limited by the printer design and features. Using a MEW 

printer with an adjustable Z-height and adjustable high voltage while printing would potentially 

help to overcome the before mentioned boundary in the layer stacking height, as previously 

shown [7]. Furthermore, the thermal gradient of the jet [24] would be better defined within a 

controlled temperature/humidity environment to tailor fiber fusion. 

 

4. Conclusion 

In this study, the use of a heated collector enabled the increase in printable layers for PVDF. 

The heat improved the attachment of the first layers to the collector substrate and successfully 

decreased the lifting and warping effect. Furthermore, the formation of coalesced spheres 

appeared at the fiber intersections at collector temperatures of 150°C, that might have some 

potential utility in scaffold design. Future work should be performed using dynamic printing 

conditions with both, collector distance and voltage, changing during MEW-processing to 

control the print and even adjusting the collector temperature during printing. This should 

control the fiber fusion and solidification rates and allow much thicker samples to be fabricated 

via MEW. 
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Figure 1. SEM images showing scaffolds with 3 layers in x- and y- direction printed at 4000 mm/min 

onto a collector at room temperature, 50°C, 100°C and 150°C showing the above view (first row), 

tiled/side view (middle row) and underneath view (third row). Yellow arrows indicate the embossing 

of the fibers onto the collector substrate, Scale bars for the upper, middle and lower row are 100 µm, 

25 µm and 25 µm, respectively. 



 

 

 

Figure 2. Warping and sphere formation for PVDF scaffolds. SEM image of three-fiber layers at A) 

RT and B) 120°C. C) Photograph of a print at RT that is warping and lifting off the collector. D) 

Photograph of thicker samples where spheres can be seen forming with increased layer height. E) 

Graphical illustration showing the correlation between the maximum number of layers in x- & y-

direction and the collector temperature. SEM images showing the coalesced spheres on the scaffold 

printed at 2000 mm/min due to the heat from the print head F) above view, G) side view and overview 

image and H) magnified side view showing the still existing lower layers and the coalesced spheres. 

Scale bars = A/B) 200 µm, C/D) 2 mm and F-H) 100 µm. 



 

 

 
Figure 3. SEM images showing (A-B) above- and (C) underneath-views of a scaffold printed at a 

collector temperature of 110°C and a speed of 4000 mm/min resulting in 20 alternating layers. The 

yellow arrows in (C) indicate the embossing of the fibers when touching the heated collector. Scale bars 

are A) 100 µm and B-C) 25 µm. 
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