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drawbacks, an alternative approach would be to identify a traceable and 
responsive indicator of the process conditions, such as the jet lag. In 
terms of the precise indicator to evaluate the jet lag, one candidate is the 
jet lag length L, defined as the distance between the contact point of the 
jet and the projection point of the nozzle on the collector. Another 
candidate is the flightpath angle θ [22], which is determined by satis
fying tanθ = L

D, where D is the distance from the nozzle tip to the col
lector. The advancement and utilization of a jet lag tracking 
methodology would be advantageous in MEW parametric studies for 
several reasons. First, the jet lag can be precisely monitored with optical 
imaging in real time to reflect the printing stability. Furthermore, the 
observed jet lag is presumed to be sensitive to the change in various 
critical process variables, such as the voltage (U), the pressure (P), and 
the translational stage speed (v). However, the gap in understanding this 
onboard AM process measurement and its implications relates to how 
the jet lag tracking methodology can be implemented to improve fiber 
quality. Hochleitner et al. firstly noticed that ‘fiber pulsing’ (undesired 
sectional oscillation of fiber diameter) can be reflected in the fluctuation 
of jet lag [23]. This ‘fiber pulsing’ phenomenon has been observed for 
some other polymer materials [24,25]. Wunner et al. introduces the 
notion of printomics into an MEW parametric study, wherein the effects 
of various variables on θ and fiber diameter (df) are investigated [22]. 
Another example is the convergence of machine vision and MEW, where 
θ, Taylor cone area and fiber diameter are measured and correlated to 
improve the printing stability [26]. However, the rich information re
flected in the jet lag variation in these studies were not fully extracted 
and utilized. 

Based on these parametric studies, the interplay of different process 
variables has been partially revealed and incompletely understood. 
First, the translational stage speed (v) needs to be higher than a critical 
translational speed vc [27] so that the liquid rope coiling phenomena can 
be avoided [28,29]. Second, the applied voltage (U) needs to exceed a 
critical value Uc, so that the ‘fiber pulsing’ phenomena (the undesired 
sectional oscillation of the fiber diameter) can be avoided [23]. How
ever, although it is known that the elimination of ‘fiber pulsing’ in
dicates the achievement of Uc, how to exactly determine its value is still 
unknown. Moreover, a systematic methodology to evaluate jet lag sta
bility and how the jet lag stability is related to the fiber uniformity, and 
more generally, the printing stability, is needed. Finally, an intuitive and 
effective protocol needs to be developed to facilitate the optimization of 
the MEW printing parameters. 

Many of the aforementioned challenges and knowledge gaps are 
addressed in this study. Specifically, based on a real-time image-based 
jet lag tracking methodology for the MEW process, a new indicator of jet 
lag stability, the jet lag peak values’ coefficient of variation, namely 
CVpv, is introduced to optimize for the MEW measurement outcome of 
fiber uniformity. The effect on CVpv of three key process variables, 
namely the applied pressure (P), the applied voltage (U), and the 
translational stage speed (v), are investigated. Furthermore, a protocol 
of parametric optimization based on jet lag tracking methodology is 
advanced to print fibers with prescribed mean fiber diameter and 
enhanced uniformity. 

2. Materials and methods 

2.1. Material preparation 

Poly(ε-Caprolactone) (PCL) is in the form of pellets with a mean 
molecular weight of 45,600 g/mol, mass density of 1.021 g/mL, and 
polydispersity of 1.219 (Capa 6500, Perstop Ltd. Of UK). A 5 mL pneu
matic syringe (Intellispence, Agoura Hills, CA, USA) is loaded with PCL 
pellets and placed in the heating oven (90℃) overnight with its needle- 
end upside. After each experiment, the syringe is kept at room temper
ature to avoid unnecessary thermal degradation. 

2.2. MEW system configuration 

The MEW system used in this study is schematized in Fig. 1. The 
pneumatic syringe loaded with PCL pellets is heated by a double-walled 
heating vessel made from alumina ceramics. Between the outer and 
inner walls of the heating vessels is a heating pad (New Era Pump Sys
tems, Farmingdale, NY, USA) set at 105℃. The syringe is connected to 
an air dispenser (Intellispense, Agoura Hills, CA, USA), which can 
regulate its output air pressure. The nozzle of the syringe is connected to 
the positive terminal of a high voltage supply (Stanford Research Sys
tems, Sunnyvale, CA, USA), while the grounded negative terminal is 
connected to the collector plate through an autoranging picoammeter 
(9103 USB, RBD Instruments, OR, USA) by a BNC cable. The collector 
plate (203 mm × 203 mm×3.3 mm, shown in Fig. 1) is fixed on an 
alumina block as an insulator and the alumina block is mounted on an 
XY moving platform consisting of two slides (Velmex, USA) driven by 
step motors. The ambient temperature is kept at 23.5 ± 1℃. The key 
parameters enabling the MEW process are listed in Table 1. 

2.3. Imaging and data measurement 

An inverted motorized microscope (IX83, Olympus, USA) along with 
its imaging processing software (CellSens 2.11) is used to image and 
characterize all samples. A 20 × objective lens with a magnification set 
at 12.6 is adopted for all samples. For all the data, three sampling points 
are measured, and the mean is taken as the result. A 1080 P, 60FPS, 
industry microscope camera with 0.5 × to 4.5 × objective (Lapsun, CN) 
is positioned suitably to take the high-resolution images and videos of 
the printing process as shown in Fig. 1. The mass of samples is measured 
by a high precision electronic balance (HFS FA204, California, USA). All 
the temperatures are measured with a thermometer (Traceable 4039, 
USA). 

2.4. Jet lag tracking and algorithm of jet lag length calculation 

To enable the jet lag tracking methodology, a real-time identification 
of jet location and calculation of the jet lag length is required. First, a 
pure blackboard is used as the background and the lighting condition is 
adjusted to increase the contrast between the jet and the background. 
Second, the obtained video frames from the camera are grayed and 
binarized with a careful selection of binarization threshold. A schematic 
of the binary image is shown in Fig. 2a (For display convenience, the 
color is inverted i.e., the nozzle, jet and the scaffold should be white but 
is shown in black in the schematic, while the background should be 
black but is shown in white in the schematic). Since the jet is not uni
formly bright, its outline in the binary picture is sometimes discontin
uous (Fig. 2a). Third, the white pixels representing the jet are searched 
for to determine the jet location and calculate the jet lag. For each frame 
in the video, the following steps are taken to calculate the jet lag length.  

(1) The pixel points are scanned for their values row by row from the 
top to the bottom of the picture. For the first several rows, the x 
coordinate of the first white point encountered does not change 
since it represents the left edge of the nozzle. And the number of 
white pixels Dnoz represents the outer diameter of the nozzle (Dnoz 
is determined to be 11 for all experiments).  

(2) Keep scanning the pixel points until the x coordinate of first white 
pixel point encountered changes compared to the previous rows. 
The coordinate of this pixel point Pupper represents the upper 
location of the jet (Fig. 2a). Once Pupper is determined, terminate 
the top-to-bottom scanning process.  

(3) Start scanning the pixel points row by row from bottom to top, 
until a row is found, in which only several continuously adjacent 
white points can be identified. And the amount of these points 
should not exceed a threshold Djet representing the maximum 
possible diameter of the jet (Djet is tried and set at 20). The 
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