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ABSTRACT 

 

Laser-assisted printing such as laser-induced forward transfer (LIFT) has found 

increasing biofabrication applications as an orifice-free cell/organ printing approach. 

Unfortunately, there have been very few studies on its efficacy of three-dimensional (3D) 

printing performance. In addition, the effects of printing parameters on jet/droplet 

formation during the printing of Newtonian and non-Newtonian fluids are lacking. 

Therefore, it is important to investigate its printing process and quality. The resulting 

knowledge will help to better control the resulting printing quality and feature resolution. 

The objective of this study is to investigate the feasibility of laser-assisted 3D 

printing process and its applicability in making non-cellular and cellular tubes. To better 

understand the printing process, the effects of fluid properties and operating conditions 

on the jet/droplet formation process is studied using time-resolved imaging analysis 

during LIFT of glycerol and sodium alginate (NaAlg) solutions. Operating diagrams 

regarding different jetting dynamics are constructed. In addition, the effects of NaAlg 

concentration and operating conditions on the printing quality during laser-assisted 

printing of alginate annular constructs (short tubes) with a nominal diameter of 3 mm has 

been studied.  

It is found in this study that a well-defined jet forms only under certain 

combinations of glycerol/NaAlg concentration and laser fluence. The inverse of 
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Ohnesorge number is used to characterize the jettability (J) of glycerol solution. An 

operating diagram regarding J number and laser fluence is constructed for illustrating 

different printing regimes. An operating diagram is also constructed for NaAlg printing 

with respect to Deborah number and Reynolds number. It is found that in order to have 

jet contact-based printing, which is the preferred jetting regime, relatively large Deborah 

number and Reynolds number are favored. 

It is also demonstrated that highly viscous materials such as alginate can be 

printed into well-defined long tubes and annular constructs. The tube wall thickness and 

tube outer diameter decrease with the NaAlg concentration, while they first increase, then 

decrease and finally increase again with the laser fluence. Alginate cellular tubes have 

also been printed with the post-printing cell viability of 60% immediately after printing 

and 80% after 24 hours of incubation. 

To better understand the laser-assisted printing mechanism, more experimental 

and theoretical work on the entire printing process is expected. Prior to practical 

biomedical applications, printing of high concentration cell suspension to mimic the real 

tissue environment is desirable. Future work should also include mathematical models 

accounting for the entire printing process. 
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CHAPTER ONE 

 

INTRODUCTION 

 

1.1 Motivation and Background 

Organ transplantation has been well-developed over past several decades, and it 

has saved the life of numerous patients with diseased organs. However, organ 

transplantation itself is limited by various hurdles such as pathogen transfer, immune 

rejection, high cost, and especially the donor shortage. For example, more than 112,000 

people in the United States are awaiting organ transplantation in the year 2012. Besides, 

there is only one donor organ available for every 10 people on the organ transplant 

waiting list. In addition, there has been a major increase in the number of patients on 

transplant waiting list and a decrease of organ donors. 

Fortunately, organ printing, an additive manufacturing technique-based approach, 

has emerged as a promising technological solution to tackle some of these hurdles. As 

envisioned, three-dimensional (3D) scaffold-free tissue or organ constructs will be 

fabricated [Mironov2009] [Wilson2003] [Riggs2011] [Wüst2011] in a layer-by-layer 

fashion using patient’s cells based on the computer-aided model of patient-specific 

organs (Fig. 1.1).  
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Organs to be 

replaced Layer by layer

additive manufacturing
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Functional tissues 

and organs

 

Fig. 1.1 Flow chart of organ printing 

 

Fig. 1.2 shows an envisioned process of blood vessel printing. Annular structures 

consisting of cells from patients are printed layer by layer under the assistance of 

biopaper, which is a bio-compatible gel, or hydrogel that mimics the normal cell 

environment. The final product is made after further tissue fusion and tissue maturation. 

The challenges relating the LIFT technology and perspective practical organ printing rest 

in the following issues: (1) how to print 3D tissue constructs automatically and efficiently 

using LIFT; and (2) how to evaluate, model and quantify the LIFT-induced cell damage. 

Cell injury is unavoidable in bioprinting processes. Cell injury is sometimes reversible up 

to a certain point; however, exposure of a cell to a high magnitude and/or lasting external 

stress may cause irreversible cell injury even cell death. 

 

Tissue fusion Tissue maturation

Bioink made using cells from patient

Biopaper

 

Fig. 1.2 Schematic of envisioned fabrication of vascular trees 
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Homogeneous cells have been conventionally seeded using soft lithography, 

dipping, and microlitre syringe dispatching, to name a few. As a result, seeded cells are 

usually uniform and mostly in a two-dimensional (2D) form, which may not be sufficient 

for some controlled gradient and/or 3D cell applications. 

As a promising alternative, cell direct writing or cell printing has emerged as a 

revolutionary advance in tissue engineering with great potential for use in the 

manufacture of arbitrary cell patterning as well as heterogeneous 2D or 3D living 

scaffolds [Lewis2004] [Barbulovic-Nad2006] [Ringeisen2006]. Among all the possible 

patterns or structures, the most promising way is to directly print a 3D construct without 

any scaffold. Different 3D scaffold-free heterogeneous structures can be fabricated using 

various 3D additive printing technologies, for example, jet contact-based laser printing 

[Riggs2011] and inkjet printing [Boland2007]. During 3D additive printing, constituent 

materials of structure or their precursors are dispensed three dimensionally to construct 

the 3D product layer-by-layer based on computer-aided models. Currently, 3D additive 

printing and its variations have been implemented to create various 3D patterns and 

structures and found numerous engineering and biomedical applications [Riggs2011] 

[Wohlers2001] [Boland2006]. One of its most exciting applications is to fabricate human 

tissues and organs suitable for regeneration, repair and replacement of damaged, injured 

or lost cells [Mironov2009], which is generally called cell/organ printing or bioprinting. 



 4 

Generally, 3D additive printing-based organ printing or 3D organ printing can be 

implemented using orifice-based and orifice-free approaches. As the widely used 

orifice-based fabrication approach, inkjetting has been applied to fabricate various 

biological patterns or constructs such as alginate tubes [Nishiyama2009] [Xu2012]. 

However, orifice-based printing may experience a great difficulty in printing viscous 

biological materials such as alginate, which may clog the nozzle during printing. For 

example, only NaAlg with concentrations lower than 2% is recommended for inkjetting 

[Norman2006] [Herran2012a] [Herran2012b]. As such, orifice-free techniques should be 

developed for the printing of viscous materials, including PEG, biomaterials and 

biological materials, which are common constituents of many biological constructs. 

Fortunately, laser-assisted printing/direct writing, an orifice-free printing approach 

developed based on LIFT, has been investigated to print and pattern different materials 

including biomaterials and biological materials [Riggs2011] [Barron2005] [Lin2009a] 

[Koch2010] [Schiele2010] [Lin2011] [Barron2004] [Ringeisen2004] [Lin2010]. LIFT 

serves as a complementary clogging-free bioprinting technique to inkjetting for some 

viscous printing applications [Lin2011]. 

In order to understand the printing mechanism of LIFT technology, the entire 

printing process should be monitored and the favored printing conditions are to be 

determined. The minimum feature size for LIFT and thus the proposed laser-assisted 
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printing is of great interest for microfabrication, and it is closely related to the jet and 

droplet formation process [Lin2009b]. Ideally, monodispersed droplets are desired during 

LIFT. As such, it is important to understand and further model the jet and droplet 

formation process and the droplet landing/spreading process under different LIFT 

operating conditions when different electronic or biological materials are used. This will 

allow better control of the resulting printing quality and feature resolution.  

 

1.2 Current Research State 

The laser-assisted printing process includes some critical steps: bubble formation, 

jet/droplet formation, landing and/or jet breakup. During LIFT, a laser pulse is focused 

perpendicularly through the backside of a quartz support-based ribbon, which consists of 

an optically transparent quartz disk and a coated material (ribbon coating and/or a layer 

of energy absorbing material) to be transferred. The ribbon coating is then locally heated 

by the laser beam, immediately generating a small vapor pocket/bubble at the interface of 

the quartz disk and coating. The generated bubble then expands rapidly and ejects part of 

the coating material downwards, forming a jet/droplet for deposition [Lin2009b] 

[Guillemot2010b].  

Previous study has been performed to investigate the relationship between the 

operating conditions especially laser fluence and the bubble or droplet size in LIFT. For 
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example, Brown et al. [Brown2010] discovered a strong dependence of the bubble size 

and shape on ribbon coating thickness, laser beam diameter and laser fluence, 

demonstrating a potential of optimization. Lin et al. [Lin2009b] found out that the formed 

bubble diameter increases with the laser fluence and the formed bubble diameter first 

decreases and then increases with the glycerol concentration. Moreover, at a given 

glycerol concentration, the droplet diameter is linearly dependent on the laser fluence, 

and the slope of this linear relationship between the droplet diameter and the laser fluence 

is dependent on the glycerol concentration. Colina et al. [Colina2006]
 
concluded a linear 

relationship between the laser pulse energy and the droplet volume while Kattamis et al. 

[Kattamis2007]
 
identified the linear relationship between the laser energy and the droplet 

diameter. The relationship between material properties and droplet size in LIFT has also 

been investigated by previous studies. For example, Lin et al. [Lin2009b] observed that 

the droplet diameter has no systematic relationship with the glycerol concentration. At a 

given laser fluence, the droplet diameter increases with the increase of glycerol 

concentration ratio until it reaches a transitional concentration ratio for the largest droplet. 

The droplet diameter would decrease with the increase of glycerol concentration ratio, 

once the glycerol concentration ratio is higher than the concentration ratio for the largest 

droplet. The concentration ratio for the largest droplet is a function of laser fluence, and it 

generally increases as the laser fluence increases. However, the effects of matrix material 
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properties and various operating conditions have not been systematically investigated 

thus far in LIFT applications. 

Jet/droplet formation is an important step during fluid jet contact-based direct 

writing or printing, which determines the pattern uniformity and spatial accuracy. During 

orifice-based direct writing, fluid jets are first ejected from an orifice and then broken 

into droplets with, or without, satellite droplets [Herran2010] [Herran2012a]. The 

generated droplets are combined to form various structures in a controllable manner. 

During laser-assisted orifice-free direct writing such as LIFT, the material transfer and 

deposition can be due to either ejected droplets [Barron2005] [Young2002] or the contact 

between formed long, thin jet and the receiving substrate [Duocastella2008] [Serra2009] 

depending on the direct writing height and the material properties. 

The jet formation mechanism in laser-assisted direct writing has been studied 

using time-resolved imaging analysis [Serra2009] [Duocastella2009] [Duocastella2010] 

[Unger2011]. Depending on the applied laser fluence, three distinct working regimes 

have been identified: sub-threshold (no material deposition), jetting (having well-defined 

jet formation), and plume (generating atomized droplets) [Lin2009b] [Young2002] 

[Duocastella2009] [Guillemot2010a]. The well-defined jet formation regime is generally 

desired for better direct writing. During this process, a bubble is first generated by 

absorbing the energy of the incident laser pulse, and then a needlelike jet is formed as the 
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bubble expands, and finally a long, thin jet is formed. In addition, some phenomena may 

accompany the formation of the well-defined jet. For example, the formation of a counter 

jet inside the ribbon coating [Duocastella2009], a bulgy structure due to the possible 

lateral collapse of jet [Unger2011], or droplets after jet breakup [Brown2010]. 

Jet morphology has been characterized in terms of the bubble size [Brown2010], 

jet diameter [Duocastella2009] [Unger2011], and jet breakup [Unger2011] [Brown2010]. 

Specifically, the effects of laser fluence on the jet morphology and jet velocity have been 

studied [Young2002] [Duocastella2009] [Unger2011] [Brown2011], and the jet and 

plume velocities were found to increase with the laser fluence [Young2002] 

[Duocastella2009]. In addition, the jet formation process has been evaluated under 

various operating conditions such as the sacrificial layer thickness [Brown2010], ribbon 

coating thickness [Duocastella2011a], direct writing height [Serra2009] 

[Duocastella2007], and laser beam dimensions [Brown2010] [Colina2006]. 

The jetting phenomena and printing mechanism can be also different depending 

on different experimental conditions. Unger et al. [Unger2011] printed 2% NaAlg using 

LIFT technique by applying 1.6 and 2.7 J/cm
2
 laser fluences with direct writing height of 

450 μm. The deposited droplet was formed by the contact of a jet with the receiving 

substrate. Duocastella et. al [Duocastella2011a] printed 50% glycerol solution with laser 

fluence of 4 J/cm
2
 and direct writing height of 350 μm. Similarly, the deposition was jet 
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contact-based. An alternative mechanism was also observed by Duocastella et. al 

[Duocastella2011b] that droplet was formed by bubble contact, with the laser fluence of 

12 J/cm
2
 and direct writing height of 250 μm. However, the study on material properties 

and operating conditions are lacking, and the study on jetting and deposition regimes of 

viscoelastic material is lacking.  

While it has been proved to be a viable technique in printing various cells such as 

yeast cells [Lin2009a], rat cardiac cells [Barron2004], mouse pluripotent embryonal 

carcinoma P19 cells [Ringeisen2004], human colon cancer cells [Lin2010], skin cells 

(NIH 3T3 fibroblast/HaCaT keratinocytes) [Koch2010], human osteosarcoma cells 

[Barron2004], and human mesenchymal stem cells (hMSC) [Koch2010], LIFT has been 

pioneered to print different biological patterns. For example, Koch et al [Koch2010] 

made a chess board pattern using fibroblasts (NIH 3T3) and keratinocytes (HaCaT); 

Gruene et al [Gruene2011] fabricated two-dimensional (2D) word and grid patterns using 

porcine bone marrow-derived mesenchymal stem cells; Catros et al [Catros2011] laser 

printed human osteoprogenitors (HOPs) into 2D and 3D annular patterns; and Koch et al 

[Koch2012] printed a 3D layered construct (homogeneous along the horizontal plane) 

based on the alternating layers of HaCaT keratinocytes dyed with different colors. 

However, laser-assisted printing has not been studied to fabricate 3D scaffold-free tubular 

constructs thus far. In the field of biofabrication, the fabrication of hollow cellular tubes 
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to mimic vascular structures have been widely recognized as not only the first logical step 

towards successful organ printing but also a critical indicator of the feasibility of the 

envisioned organ printing technology [Mironov2003]. 

However, the investigation about the effects of fluid properties as well as the 

operating conditions on the jet formation process is still largely elusive. In addition, few 

studies have focused on LIFT process of viscoelastic materials. For example, Unger et al. 

[Unger2011] carried a time-resolved imaging study on the jet formation process during 

LIFT of 2% NaAlg solution. They showed the entire printing process under two different 

laser fluences as well as the effects of the presence of a receiving substrate. It was 

demonstrated that higher impact velocities induced splashing of the droplet. Besides, the 

transfer duration is stabilized by the presence of a collector slide. The behavior of 

viscoelastic material has been investigated in inkjetting. Elasticity can accelerate the 

growth of capillary disturbances but prolongs the lifetime of a thinning thread before its 

eventual breakup. Moreover, because of the extended thread lifetime relative to the 

Newtonian case, a viscoelastic jet may remain intact for considerably longer periods of 

time, taking the form of a series of near-spherical beads connected by thin filaments. This 

phenomenon is called ‘beads-on-a-string’ (BOAS) [Morrison2010]. 

In this study, time resolved imaging analysis has been applied to investigate the 

individual and combined effects of fluid properties and laser fluence on the printing 
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process of glycerol solution, and to investigate the fluid properties and various operating 

conditions such as laser fluence, laser spot size and direct writing height on the printing 

process of NaAlg solution to have a comprehensive understanding of the LIFT 

technology. 

 

1.3 Objective  

The objective of this study is to study the feasibility of laser printing of alginate 

tubes and investigate the effects of NaAlg concentration and operating conditions such as 

the laser fluence and laser spot size on the printing quality. In order to better understand 

the printing mechanism and better control the printing process, time-resolved imaging 

analysis is carried to study the effects of fluid properties and operating conditions such as 

laser fluence, laser spot size and direct writing height on the jet/droplet formation process 

during laser-assisted printing of glycerol and NaAlg solutions. In this study, NaAlg and 

calcium chloride were used as the gel precursor and gel reactant solutions, respectively, 

for the making of alginate tubes due to their wide applications in the healthcare field. 

Cellular tube printing is expected following the printing of alginate tubes. This thesis 

serves a preliminary investigation towards 3D organ printing using LIFT technology. The 

relation among the chapters of this thesis is illustrated in Fig. 1.3. 
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Fig. 1.3 Relation of each part of this thesis 

 

The organization of this thesis is as follows:  

In Chapter 1, the motivation and background of this work are first introduced. The 

current research state is then reviewed. Then the objective of this study is presented. 

Finally, the scope of this dissertation is provided. 

In Chapter 2, the mechanism of printing is first discussed in general. Then 

experimental setups and material are given for the four main experiments in this thesis: 

imaging analysis of glycerol solution printing, imaging analysis of NaAlg solution 

printing, laser-assisted printing of alginate tubes, and laser-assisted printing of cellular 

tubes. 

In Chapter 3, the printing process of glycerol solutions is studied by imaging 
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analysis. The effect of material properties and laser fluence and their combined effect are 

discussed then. According to the experimental results and analysis, an operating diagram 

regarding Jettability (J number) and laser fluence is presented. 

In Chapter 4, imaging analysis is carried to study the printing process of NaAlg 

solutions. The effects of material properties and operating conditions such as laser 

fluence, laser spot size and direct writing height on the printing process is discussed in 

combination of the dimensionless numbers. Then, the different printing regimes are 

identified and studied. An operating diagram is constructed regarding Deborah number 

and Reynolds number to identify printing regimes. Finally, the printing process of 

Newtonian and viscoelastic materials are compared. 

In Chapter 5, the experimental result for laser-assisted printing of alginate tubes is 

first given. Then the effects of NaAlg concentration and operating conditions on the 

printing quality, particularly the tube outer diameter and tube wall thickness, are 

discussed respectively. Finally, the laser-assisted printing result of cellular tubes is 

shown. 

In Chapter 6, conclusions and future work of this thesis are summarized. 
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CHAPTER TWO 

 

MECHANISM INTRODUCTION AND EXPERIMENTAL DESIGN 

 

2.1 Mechanism Introduction 

Matrix-assisted pulsed-laser evaporation direct-write (MAPLE DW), a type of 

modified LIFT technique, is of interest in the study of jet formation during laser-assisted 

direct writing. Regarding the MAPLE DW working mechanism, it is generally believed 

that it is the laser-material interaction-induced pressure that is responsible for material 

ejection and transfer. Such mechanism in converting laser pulse energy into pressure has 

also found other applications in laser shock peening [Fabbro1990] [Sollier2001], laser 

micro-dissection and laser pressure catapulting [Vogel2007], to name a few. The 

laser-induced pressure generation is generally attributed to plasma formation, rapid 

evaporation (including normal boiling and phase explosion), and thermoelastic effect 

(mainly thermal expansion-induced and no phase change involved) [Park1994] 

[Vogel2003]. 

The printing mechanism is shown in Fig. 2.1, the ultraviolet laser pulse is focused 

perpendicularly through the backside of a ribbon that consists of an optically transparent 

quartz disk with a coated thin film, known as the ribbon coating. The ribbon coating is 

locally heated and sublimed by the incident laser pulse, generating a small vapor 
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pocket/bubble at the interface between the ribbon coating and the quartz support. Because 

of rapid localized heating, the resulting bubble expands rapidly. The expansion of the 

bubble then helps eject the coating material beneath away from the ribbon onto the 

receiving substrate [Lin2009b]. In this way, the coating materials are transferred onto the 

receiving substrate to fabricate various patterns or structures. 
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Fig. 2.1 Experimental setup consisting of the MAPLE DW apparatus and an imaging 

system: (a) schematics, and (b) apparatus 
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2.2 Experimental Setup and Materials 

2.2.1 Newtonian Fluid Printing 

In this study, glycerol-water solution is transferred using MAPLE DW. The 

glycerol solution has been tested as Newtonian fluid because of its relevance to 

biomedical applications [Lin2009b]. 

 The MAPLE DW setup herein included an ArF excimer laser (Coherent 

ExciStar, 193 nm, 12 ns full-width half-maximum) with a laser spot size of 150 μm in 

diameter and a repetition rate of 2 Hz. A quartz optical flat disk (Edmund optics, 

Barrington, NJ) with 85% transmittance for 193 nm wavelength beams was used to make 

the ribbon, which was attached to a specially designed fixture. The levels of applied laser 

energy were 0.15, 0.20, 0.25, and 0.30 mJ, and the actual laser fluence during direct 

writing was determined based on the averaged measurements using a FieldMax laser 

power/energy meter (Coherent, Santa Clara, CA). The measured laser fluence level 

varied slightly every time under the same operating conditions due to the laser output 

instability. The laser fluences measured after 15% loss due to the quartz disk were 717 ± 

45, 957 ± 35, 1183 ± 67, and 1433 ± 77 mJ/cm
2
. 

The jet formation process and jet velocity were monitored and estimated using the 

JetXpert imaging system (ImageXpert Inc., Nashua, NH). The light strobe was triggered 

by the control pulse from the laser, and a single image frame was acquired for each laser 
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pulse using an integration time of 2 μs. The system was set up at the grazing incidence 

with respect to the coating surface without the receiving substrate in the camera scope. 

Fifty laser pulses were emitted each time for a given laser fluence and glycerol 

concentration combination. The jet formation process was captured by the imaging 

system one frame per second, triggered by the output control signal of the laser, and a 

single image frame was acquired for each laser pulse as in other studies [Duocastella2009] 

[Unger2011] [Brown2010] [Kaur2009]. The jet velocity was estimated based on the 

spatial position difference of jet front of two sequential imaging frames of the jetting 

process. 

Glycerol (Acros Organics, Fair Lawn, NJ, 99% pure) and de-ionized water were 

used to make the glycerol-water solution with different glycerol concentrations (v/v): 

15%, 25%, 35%, 50%, 65%, 75%, 85%, and 99%. The matrix was prepared at a thickness 

of 100 μm by blade coating 15 μl glycerol-water solution onto a 1.5 cm (length) × 1 cm 

(width) × 100 μm (depth) plastic frame on the quartz disk. 

 

2.2.2 Non-Newtonian Fluid Printing 

Alginate, particularly, sodium alginate, has been used as a constituent of bioink in 

bioprinting [Nishiyama2009] [Khalil2005] [Phamduy2012]. Alginate hydrogels are often 

favored due to their resemblance of natural extracellular matrix (ECM) [Tan2007]. While 
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alginate is not an ideal material for living tissue construction, it is a good hydrogel 

material for proof-of-concept studies [Xu2012]. As such, NaAlg (Sigma-Aldrich, St. 

Louis, MO) and deionized water were used to prepare the NaAlg solution with different 

concentrations: 2%, 4% and 6% (w/v). High concentration alginate solutions were used in 

order to simulate application scenarios during the printing of viscous hydrogel materials. 

Glycerol solution was used as a comparable Newtonian fluid to the viscoelastic 

fluid. Glycerol (Acros Organics, Fair Lawn, NJ, 99% pure) and de-ionized water were 

used to make the glycerol-water solution with glycerol concentrations of 85% (v/v), 

which has the same zero-shear viscosity of 2% NaAlg. The material properties of the 

Newtonian ink and viscoelastic ink are shown in Table 1, in which the surface tension 

was measured using a contact angle measuring instrument DSA10-MK2 (Krüss GmbH, 

Hamburg, Germany). The viscosity was measured using 

cup-and-bob rheometer (ARES, TA Instrument, New Castle, DE). 
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Table 1 Material properties of NaAlg and glycerol 

Material 

Concentration 

(%) 

Density   

(g/cm
3
) 

Surface 

tension  

(mN/m) 

Viscosity 0  

(mPa·s) 

NaAlg 

2 1.02 45.64 132.57 

4 1.04 44.41 885.82 

6 1.06 43.71 3123.56 

Glycerol 85 1.23 64.90 127.19 

 

In this experiment design, NaAlg and glycerol solutions were used as printing 

inks which are transferred respectively with MAPLE DW. The apparatus and 

experimental setup have been discussed above. The entire printing process is defined as 

from the jet formation to jet ending when there is no droplet within the scope. In this 

study, a series of pictures were taken every 100 μs with 10 μs of delay between every two 

sequential imaging frames. If the printing did not finish, then another 100 μs were 

examined in the same way. The jet velocity was estimated based on the spatial position 

difference of jet front of two sequential imaging frames of the printing process. 

The laser fluences measured after 15% loss due to the quartz disk were 686 ± 19, 

861 ± 20, 1021 ± 22, 1196 ± 29, and 1380 ± 34 mJ/cm
2
. Two laser spot sizes (150 and 50 
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μm) were used in this study by applying two different copper masks on the beam path. 

The direct writing height is determined as the distance between the ribbon coating and 

receiving substrate (Fig. 2.1), and it was varied as 0.5, 1, 1.4 and 1.8 mm in this study.  

 

2.2.3 Alginate Tube Printing 

Materials 

Alginate, particularly, sodium alginate, has been used as a constituent of bioink in 

bioprinting [Nishiyama2009] [Khalil2005] [Phamduy2012]. As such, NaAlg (product 

number W201502, Sigma-Aldrich, St. Louis, MO), which has a molecular weight range 

of 20–40 kDa, and deionized water were used to prepare the NaAlg solution with 

different concentrations: 1%, 2%, 4%, 6%, and 8% (w/v). High concentration alginate 

solutions were used in order to simulate application scenarios during the printing of 

viscous hydrogel materials. Calcium chloride dihydrate (Sigma-Aldrich, St. Louis, MO), 

a cross-linking agent, was used as a source of calcium ions to initiate gelation once the 

NaAlg was merged into a calcium chloride bath. It should be noted that while alginate is 

not an ideal material for living tissue construction, it is a good hydrogel material for 

proof-of-concept studies. If not specified, the calcium chloride concentration was 2% 

(w/v) in this section. 
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Experimental Apparatus and Fabrication Mechanism 

Matrix-assisted pulsed-laser evaporation direct-write (MAPLE DW), a typical 

LIFT practice [Schiele2010] [Lin2009b], has been of particular interest in this study as 

the laser-assisted printing technique. As shown in Fig. 2.2, part of the alginate solution, 

which was coated on the bottom side of the quartz disk-based ribbon, was ejected due to 

the laser pulse-induced high pressure bubble [Lin2009b] and deposited on the receiving 

platform inside the calcium chloride container. The laser printing setup contained a 

193nm, 12 ns (full-width half-maximum) ArF excimer laser (Coherent ExciStar, Santa 

Clara, CA) and an optical beam delivery system. The laser spot size was controlled at 150 

μm in diameter, and the actual laser fluence was measured using a Coherent FieldMax 

power/energy meter (Coherent, Portland, OR). The laser repetition rate was set at 10 Hz. 

Quartz disk (Edmund optics, Barrington, NJ) with 85% transmittance for 193 nm 

wavelength laser beams was used to make the ribbon, which had the alginate coating on 

the bottom side. The NaAlg solution was coated using a film applicator (MTI, Richmond, 

CA), resulting the ribbon coating with a thickness of 100 μm. 
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Fig. 2.2 Laser-assisted alginate tube printing experimental setup and fabrication steps (a) 

schematics, and (b) apparatus 
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During the printing process, the landing location for alginate droplets being 

deposited was the newly printed top layer of the construct being printed. The direct 

writing height, the distance between the ribbon and the liquid level, was set at 1 mm to 

optimize the printing quality in terms of the feature size of deposited feature (tube wall). 

The top layer was controlled around 0.5 mm above the liquid level to avoid possible 

contact between the ribbon coating and the calcium chloride solution, resulting in a 0.5 

mm gap between the ribbon coating and the top layer. Once deposited, the platform 

moved downwards to submerge into the calcium chloride solution to fully gelatinize the 

newly deposited alginate droplet contact-based layer. Subsequently, this newly deposited 

layer was raised 0.5 mm above the liquid level before continuing the subsequent round of 

printing, thus, the platform moved down around 25 µm between any two consecutive 

printing positions, meaning a layer thickness of 25 µm. This process repeated until a 

construct was made. In addition, the jet formation process was also monitored using 

JetXpert (ImageXpert Inc., Nashua, NH). 

The relative motion between the ribbon and the receiving container was 

controlled using XY translational stages (Aerotech, Pittsburgh, PA). The laser beam 

horizontal traveling speed was set at 100 mm/min, resulting in a 167 μm spatial distance 

between two consecutive pulses. The downward motion of the platform, on which the 

construct was printed, was precisely controlled using a Z axis stage (Thorlabs, Newton, 
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NJ). The post-printing measurements were conducted immediately after the making of 

alginate tubes, and the residual liquid inside tubes was removed out using a pipette. For 

each tube, four measurements were conducted equidistantly along the circumferential 

direction to get the averaged wall thickness and tube outer diameter. Under each 

fabrication condition, three tubes were made, and the reported wall thickness and tube 

diameter were the averaged values of those of three tubes. 

 

Design of Experiments 

In this study, some long, straight alginate tubes (6 mm in height, 240 layers) were 

fabricated first to prove the feasibility in making such tubes. Then a parametric study was 

conducted to appreciate the effects of material properties and operating conditions on the 

printing quality by printing annular constructs or short tubes (around 1 mm in height, 20 

layers). It should be pointed out that the construct height is not proportional to the 

number of layers due to the increasing wall thickness as the height increases. The printing 

quality herein is evaluated based on the wall thickness and diameter of printed tubes, and 

the annular constructs (short tubes) are discussed as tubes for convenience in the 

following sections. For all experiments, the concentration of calcium chloride solution 

was 2%. For all tubes, the nominal tube diameter, which is the diameter defined by the 

center of laser beam spot, was controlled at 3 mm. 
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The parametric study was implemented in three different setups to appreciate the 

effects of NaAlg concentration, laser fluence, and laser spot size on the printing quality. 

The first setup was to study the effect of NaAlg concentration on the printing quality, and 

annular constructs were printed using 2%, 4%, 6% and 8% NaAlg solutions while 

keeping the laser fluence at 1437 ± 28 mJ/cm
2
. The second setup was to study the effect 

of laser fluence, and the laser fluence was varied as follows: 1149 ± 31 mJ/cm
2
, 1437 ± 

28 mJ/cm
2
, 1698 ± 45 mJ/cm

2
, 2009 ± 45 mJ/cm

2
 and 2286 ± 45 mJ/cm

2
 for each of 2%, 

4%, 6% and 8% NaAlg solutions. The third setup was to study the effect of laser spot 

size, and a 50 μm (in diameter) spot size was studied in addition to the nominal spot size 

(150 μm) for 2%, 4%, 6% and 8% NaAlg solutions, respectively, under a laser fluence of 

2286 ± 45 mJ/cm
2
. 

 

2.2.4 Cellular Tube Printing 

The general experimental setup was similar as the one for laser-assisted printing 

of alginate tubes. For the printing of alginate tubes, bioink was used instead of NaAlg 

solution. The bioink was comprised of NaAlg solution and NIH3T3 cells to be transferred. 

Each time, 60 µl of the bioink was pipetted onto the quartz disk and was spread evenly to 

make a thick layer. The laser fluence was maintained at 1026 ± 27 mJ/cm
2
. The laser spot 

size used was 150 μm in diameter and the pulse frequency was 20 Hz. The direct writing 
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height here was maintained at about 1.8 mm due to experimental apparatus constraint. In 

order to expedite the cellular tube fabrication process, the entire printing was automated 

in this experiment (Fig. 2.3). In addition, fewer cells would die before incubation using 

printing automation. During the printing process, the platform, the container, and the Z 

stage was moving with the XY stages at a speed of 200 mm/min and were relatively 

immobile. The feed speed of the ribbon was 1.5 mm/s, and the descend speed of the 

platform was 2.5 μm/s. The printed cellular tube was incubated for 24 hours and then cell 

viability was tested. 

 

 

Fig. 2.3 Laser-assisted cellular tube printing apparatus 

 

Bioink Preparation 
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The bioink was primarily comprised of NaAlg solution and NIH3T3 mouse 

fibroblast cells. The cells were cultured in DMEM (Sigma Aldrich, St. Louis, MO) 

supplemented with 10% Fetal Bovine Serum (FBS) (HyClone, Logan, UT) in a 

humidified 5% CO2 incubator (VWR, Radnor, PA) at 37°C, and the culture medium was 

replaced every three days as required. Freshly confluent flasks of 3T3 fibroblasts were 

washed twice with Dulbecco’s phosphate-buffered saline (PBS) (Cellgro, Manassas, 

VA), and incubated with 0.25% Trypsin/EDTA (Sigma Aldrich, St. Louis, MO) for 5 min 

at 37°C to detach the cells from the culture flasks. Then the cell suspension was 

centrifuged at 1000 rpm for 5 minutes at room temperature, and the resulting pellet was 

resuspended in DMEM complete cell culture medium. The resuspended cells were 

adjusted to the cell concentration of 1×10
7
 cells/ml. Then 4% NaAlg solution was mixed 

with NIH3T3 cells at a 50-50 percent volume ratio to obtain 2% (w/v) of bioink with 5 × 

10
6
 cells/ml.  

 

Ribbon Preparation 

Initially, the quartz disks were cleaned with an ultrasonic cleaner (Branson, 

Danbury, CT) and de-ionized water for five minutes. The quartz disks were then rinsed 

with 70% ethanol. Later, the quartz disks were washed with water and were air dried. 

Then the quartz disks were sterilized using an ultraviolet lamp for 15 minutes on the side 
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that was coated with bioink. 1 inch × 2 inches rectangular Quartz disks (Knight optical, 

Kent, UK) with 85% transmittance for 193 nm wavelength laser beams were used to 

make the ribbon, which had the bottom side coated with the bioink. 

 

Evaluation of Cell Viability 

The cell viability of the printed tubes was tested immediately after printing and 

after 24 hours of incubation respectively. The printed cellular tube was liquefied using 

0.5 ml of 0.055 M sodium citrate solution. The tube was allowed to interact with sodium 

citrate for several minutes to complete liquefication. The resulting solution inside the 

centrifuge tube was then centrifuged for four minutes at 1000 rpm. Then, the supernatant 

sodium citrate solution was pipetted out, leaving cells with small amount of liquid at the 

bottom of the centrifuge tube. 

 The testing solution used for evaluating the cell viability was 0.4% trypan blue 

stain (Biowhittaker, Walkersville, MD). Post-transfer cell suspension and trypan blue dye 

were mixed at a 50-50 percent volume ratio to make a testing sample. The sample was 

pipetted onto a hemocytometer (Hausser Scientific, Horsham, PA) and then was viewed 

using an optical microscope. Fig. 2.4 shows a sample of live and dead cells under 

microscopic view. For the cells with intact cell membrane, the blue indicator turned 

bright and colorless in the presence of active enzymes, thus indicating live cells. For the 
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cells with permeable cell membrane, the blue stain remained inside the cells, indicating 

dead cells. Thereafter, the live and the dead cells were counted under the microscope.  

 

 

Fig. 2.4 Post-transfer NIH3T3 cells stained with trypan blue 

 

The control cell samples were tested using unprinted cell-NaAlg mixture. The 

control sample for no incubation was tested in the same way, while for the incubation 

control, the procedure is as follows. After 24 hours of incubation, the control cells were 

detached by trypsinization, prior to evaluation of the viability. The trypsinization process 

can be briefly described as, first, DMEM medium was pipetted out into a centrifuge tube 

from the Petri dish. Second, cells in the Petri dish were washed with the DPBS solution 

and third, 0.5 ml of 0.25% Trypsin-EDTA solution was added to the culture dish. Fourth, 
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the cells in the Petri dish together with the Trypsin-EDTA solution were incubated for 

3-5 minutes. Fifth, the cells and the Trypsin-EDTA solution were pipetted into the same 

centrifuge tube which contained the earlier pipetted out DMEM medium. After 

completing the trypsinization process, the centrifuge tube was centrifuged and cell 

viability was evaluated. 
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CHAPTER THREE 

 

LASER-ASSISTED PRINTING OF GLYCEROL SOLUTION 

 

3.1 Effects of Fluid Properties on Jet Formation 

Time-resolved imaging analysis was performed in this study to obtain a better 

understanding of the material transfer process during MAPLE DW. Several events occur 

during a typical MAPLE DW process: bubble formation, jet formation/breakup and 

jet/droplet landing. During the direct-write process, the energy of the incident laser pulse 

is absorbed by the glycerol solution-based ribbon coating, producing a high pressure and 

high temperature bubble that forms and further expands within the coating due to 

sublimation [Lin2009b] [Wang2009]. Well-defined jets only form under certain operating 

conditions for a given glycerol solution. In particular, the jet formation process can be 

classified into four different scenarios depending on the laser fluence and the glycerol 

concentration: splashing (Fig. 3.1), jetting with bulgy shape (Fig. 3.2(a) and (b)), 

well-defined jetting (Fig. 3.2(c) and (d)), and no material transferred (Fig. 3.2(e)) as the 

glycerol concentration varied from 15% to 99% under a laser fluence of 717±45 mJ/cm
2
. 

The background of these figures is composed of two different regions: the top portion 

corresponds to the ribbon and its coating and the lower part the free space or ambient 

environment. There were some reflections of jetting phenomena on the ribbon, which 
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acted as a mirror during imaging. The phenomena observed herein when the 

concentration changed are consistent with others reported or discussed when operating 

conditions varied [Lin2009b] [Young2002] [Duocastella2009] [Guillemot2010a] during 

laser direct writing. 
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Fig. 3.1 Splashing regime using low glycerol concentration solutions: (a) 15%, (b) 25% 

and (c) 35%, and all under laser fluence of 717 ± 45 mJ/cm
2
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Fig.3.2 Different time-resolved representations of some jetting regimes (laser fluence = 

717 ± 45 mJ/cm
2
): (a) jetting with bulgy shape when using 50% solution, (b) jetting with 

bulgy shape when using 65% solution, (c) well-defined jetting when using 75% solution, 

(d) well-defined jetting when using 85% solution, and (e) no material transferred when 

using 99% solution 
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3.2 Typical Jetting Regimes 

As aforementioned, four different jetting regimes have been observed in direct 

writing of glycerol solutions. Under the laser fluence of 717 ± 45 mJ/cm
2
, splashing 

happened with the 15%, 25%, and 35% glycerol-water solutions as shown in Fig. 3.1. Fig. 

3.3 further illustrates a time-resolved study of jet formation of 15% glycerol solution 

under laser fluence of 1433 ± 77 mJ/cm
2
. The following discussion regarding the jetting 

regimes is based on the 717 ± 45 mJ/cm
2 
laser fluence condition. 

 

2 μs 4 μs 6 μs 8 μs 10 μs 12 μs 14 μs 16 μs 200 μm  

Fig. 3.3 Time-resolved images of jet formation of 15% glycerol solution under laser 

fluence of 1433 ± 77 mJ/cm
2
 

 

It can be seen that well-defined jets were difficult to form using the less viscous 

15%, 25%, and 35% solutions under these investigated conditions. For the 15% and 25% 

solutions, splashing dominated the process, and burst of bubbles were visible at the 

ribbon coating. Since the 35% solution has a higher viscosity and a higher viscous 

damping force, it had a mixed appearance: splashing with bulgy shapes. 
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When the concentration was 50% or 65%, a jet formed but with a bulgy shape 

(Fig. 3.2(c) and (d)). Upon the expansion of laser-induced bubble, a protrusion first 

generated and elongated to form a long jet. Then bulge(s) formed around the forming 

main jet and further elongated out as little sub-jets. Finally, the main jet broke up with 

some residual protrusion materials remained and retracted to be part of the ribbon coating. 

The bulge appeared later when the concentration increased. The bulgy shape was most 

pronounced using the 50% glycerol solution, but not so observable with glycerol 

solutions having concentration lower than 50% or higher than 65%. 

Well-defined jets were formed using the 75% and 85% solutions as shown in Fig. 

3.2(c) and (d). Such a jet lasted longer when the concentration was higher. There was no 

material transferred using the 99% solution, and part of the ribbon coating protruded out 

but finally recoiled back without any fluid jetting. The recoiling process was slower for 

such a highly viscous solution, and the entire process lasted more than 100 μs. 

As seen from Fig. 3.2, the temporally averaged jet velocity decreased as 122.2, 

118.1, 93.4, 83.0, and 77.4 m/s when the glycerol concentration increased as 50%, 65%, 

75%, 85%, and 99%, correspondingly. Intuitively, the jet formation process mainly is the 

result of two competing effects: the inertia effect to form and elongate the jet and the 

viscous damping effect to slow down the forming jet and dissipate the jetting energy. As 

such, the higher the viscosity, the lower the jet velocity. 
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3.3 Jetting Regime as Functions of Fluid Properties and Laser Fluence 

Jetting during MAPLE DW is the result of the formation of laser-induced 

vapor/plasma bubble inside the ribbon coating. As the absorbed laser energy raises the 

solution temperature in the laser focal volume above the boiling temperature, the heated 

fluidic coating material undergoes a metastable superheated state [Lin2008]. Any slight 

perturbation in coating density may lead to the initiation of vapor nuclei in the 

superheated liquid, known as homogeneous nucleation; once vapor bubbles reach a 

critical size, their further growth is spontaneous and the superheated volume may explode 

[Yoo2001], leading to phase explosion, a form of rapid evaporation. When the internal 

bubble pressure reaches a balance with that due to the ambient pressure and the surface 

tension, the bubble has its largest size. As the bubble continues to grow, the internal 

bubble pressure becomes lower than that due to the ambient environment and surface 

tension. Then it shrinks and eventually collapses. 

In this study, it is considered that the laser pulse-induced phase explosion 

contributes most to the generation of sublimation pressure, which ruptures the coating 

material beneath to form a jet or jets. It should be pointed out that laser pulse-induced 

thermoelastic stress [Wang2011] might also contribute to the jet formation in addition to 

phase explosion. The aforementioned scenario is also applicable to the sacrificial 

layer-assisted LIFT process, during which the bubble is induced by the expansion of a 
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vapor or plasma resulting from the ablation of sacrificial film [Schaffer2002] 

[Brujan2006]. 

The effect of glycerol concentration is summarized in Fig. 3.4 and some images 

are chosen to illustrate the different regimes under a laser fluence of 717 ± 45 mJ/cm
2
. 

For the highest concentration solution (99%), the bubble pressure is not high enough to 

overcome the effect due to the ambient pressure and the surface tension, so no material is 

transferred. For the 85% and 75% solutions, a well-defined jet forms. The expanding 

bubble collapses outwards the coating instead of shrinking or collapsing inwards the 

coating. For the 65% and 50% solutions, a jet may form but with bulge(s) around it. As 

the laser-induced bubble expands, a high-pressure area forms between the bubble and the 

free surface. The formation of bulges is attributed to the collision of the liquid flows 

around the ablation spot [Unger2011] and/or the breakup of the main bubble when vapor 

bubble collapses inwards and/or bursts outwards the coating. This phenomenon is 

analogous to the evolution of cavitation bubble during ablation in liquid [Lauterborn1997] 

[Brujan2005]. For the 35%, 25% and 15% solutions, splashing and bubble bursting 

clearly reveal the effect of highly pressurized bubble, which bursts outwards the coating 

and even may atomize the coating being transferred. 
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Fig. 3.4 Jetting regimes during MAPLE DW with different glycerol concentrations (laser 

fluence = 717±45 mJ/cm
2
) 

 

The effect of laser fluence on the jet formation has also been studied herein, and 

similar phenomena have been observed as previously reported [Young2002] 

[Duocastella2009] [Unger2011] [Brown2011]. Fig. 3.5 shows some representative jetting 

regimes during MAPLE DW using a 65% glycerol solution. Four jet formation regimes 

were also observed: no material transferred, well-defined jetting, jetting with bulgy shape, 

and splashing as the applied laser fluence increased. The laser fluence determines the jet 

kinetic energy, and higher laser fluences result in a higher jet/droplet velocity 
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[Young2002] [Duocastella2009] [Kaur2009]. The glycerol concentration affects the 

viscous dissipation energy and the capillary force. When the jet kinetic energy is higher 

than that due to viscous dissipation, a jet forms; when the surface tension effect 

dominates and leads to the Rayleigh instability, the jet breaks up, forming flying 

droplet(s). 
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Fig. 3.5 Jetting regimes during MAPLE DW under different laser fluences (65% glycerol 

solution) 

 

Under laser fluences lower than of 717 ± 45 mJ/cm
2
 such as 478 ± 45 mJ/cm

2
, no 
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material was transferred, and the bubble pressure did not exceed the pressure due to the 

surface tension of ribbon coating and the ambient environment. This is a similar scenario 

as shown in Fig. 3.2(e). Under a laser fluence of 717 ± 45 mJ/cm
2
, well-defined jet 

formed as shown in Fig. 3.2(c) and (d). Under laser fluences of 957 ± 35 and 1183 ± 67 

mJ/cm
2
, the forming jet turned bulgy and curved as seen from Fig. 3.2(a) and (b). The 

higher the laser fluence, the more the coating material being transferred, resulting in a 

larger, but less stable jet. When the applied laser fluence was even higher such as 1433 ± 

77 mJ/cm
2
, splashing occurred instead of a jet, similar to those shown in Fig. 3.1. It 

should be noted that the laser fluence level for different jetting regimes varies as the 

coating solution changes. 

In summary, jetting dynamics is a function of fluid properties such as the glycerol 

concentration and operating conditions such as the laser fluence. If the laser fluence is too 

low and/or the glycerol concentration is too high, it is less likely for a bubble to fully 

form and/or grow before it diminishes [Lin2008]. There is no enough kinetic energy 

provided by the expanding bubble. Even when a jet can be formed, it retracts back after 

the bubble diminishes. If the laser fluence is too high and/or the glycerol concentration is 

too low, it is also difficult to form a well-developed jet since dramatic bubble expansion 

may lead to a bulgy shape [Barron2005] and even splashing [Lin2009b] [Lin2008] 

[Unger2011]. Only under some selected conditions of glycerol concentration and laser 
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fluence as aforementioned, can a well-defined jet form. 

 

3.4 Jettability in Laser Printing of Glycerol Solution 

The droplet formation process on the printing quality has been of great research 

interest during drop-wise manufacturing, especially in terms of the printability [Jang2009] 

and the droplet formability [Herran2012a] [Herran2012b] during orifice-based inkjetting. 

Of different non-dimensional numbers used to quantify the process dynamics during the 

jet and/or droplet formation process, the Ohnesorge number (Oh) provides a convenient 

way of capturing the relative magnitudes of inertial, viscous, and capillary effects for 

such free-surface fluid mechanics problems [McKinley2011]. Generally, the Ohnesorge 

number can be determined as follows 

l
Oh




                    (1) 

where  ,  , and   are the fluid viscosity, density, and surface tension, and l is the 

characteristic length which is taken as the laser spot diameter (150 μm in this study). As 

seen from Eq. (1), the Ohnesorge number only depends on the thermophysical properties 

(viscosity, density, and surface tension) of fluid and the laser spot size. 

As discussed, a good jet only forms under certain combinations of fluid properties 

and operating conditions. For given operating conditions such as the laser fluence in this 
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study, a new non-dimensional J number, defined as the inverse of the Ohnesorge number, 

is proposed to evaluate the jettability during laser printing: 

Oh
J

1
                     (2) 

It is noted that the inverse of the Ohnesorge number has also been proposed as a 

non-dimensional Z number to quantify the fluid printability during inkjetting under a 

certain excitation voltage, and the printability was evaluated based on the single droplet 

formability, minimum stand-off distance, positional accuracy, and maximum allowable 

jetting frequency [Jang2009].
 
Alternatively, J can be also interpreted as the ratio between 

the viscous diffusion time scale t  and the Rayleigh time scale t , which are defined, 

respectively, as follows: 

   



t

t
J                     (3) 

where 





2l
t   and 






3l
t  . Fig. 3.6 illustrates the relationships among J, the 

viscous diffusion and Rayleigh (capillary) time scales, and the glycerol concentration 

under a laser fluence of 717 ± 45 mJ/cm
2
. As the glycerol concentration increases, the 

viscosity increases significantly while there are negligible variations with the density and 

surface tension [Lin2009], resulting in a deceasing J. Due to the same reason, the viscous 

diffusion time scale increases significantly while the Rayleigh time scale almost stays the 

same as the glycerol concentration decreases. As seen from Fig. 3.6, no materials are 
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transferred if the Rayleigh time is longer than the viscous diffusion time scale. Once the 

viscous diffusion time scale is longer than the Rayleigh time scale with a 85% glycerol 

solution, good jet forms; if the glycerol concentration further decreases, splashing may 

happen. The J values for 15%, 25%, 35%, 50%, 65%, 75%, 85%, and 99% solutions are 

70.46, 48.54, 32.07, 14.61, 5.87, 2.49, 0.86, and 0.13, respectively, and the J value 

decreases almost exponentially with the glycerol concentration. It is observed that a good 

jet forms at 0.86 ≤ J ≤ 2.49 (corresponding from 75% to 85%) in this study under the 

laser fluence of 717 ± 45 mJ/cm
2
. 

 

25%

50%

65%

85%

99%

Good jet 

forming 

zone

25%

50%

65%

85%

99%

Good jet 

forming 

zone

 

Fig. 3.6 Jetting regimes and characteristic time scale variations under laser fluence of 

717±45 mJ/cm
2
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It should be noted that the jettability range varies as the laser fluence changes, which 

means the change of external forcing dynamics such as the jet velocity. Fig. 3.7 illustrates 

different jetting regimes (no materials transferred, good jet forming, and splashing/bulgy) 

delineated using dashed lines based on the experimental observations in this study as the 

laser fluence varies. Fig. 3.7(a) is based on the jettability number, J, while Fig. 3.7(a) is 

based on the glycerol concentration. The dashed lines are for illustration only, and more 

experiments are needed in future studies to exactly determine the line positions. To better 

appreciate the jettability, a non-dimensional numbers-based phase diagram, such as a 

diagram based on the Ohnesorge and Reynolds numbers for typical viscous fluids 

[McKinley2011], is expected by including the contributions from both the material 

properties and operating conditions. 
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Fig. 3.7 The influence of glycerol concentration and laser fluence on jet morphology and 

printability (Dashed lines are for illustration only) 
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3.5 Conclusions 

In this section, laser-assisted printing of glycerol solutions is studied. This section 

has investigated the effects of fluid properties as well as the combined effects of laser 

fluence and fluid properties on the jet formation process during laser-assisted printing of 

glycerol solutions. A time resolved imaging analysis-based approach has been 

implemented to investigate the jet formation process. It is found that the jetting dynamics 

is a function of fluid properties such as the glycerol concentration and operating 

conditions such as the laser fluence. If the laser fluence is too low and/or the glycerol 

concentration is too high, it is less likely for a bubble to fully form and/or grow before it 

diminishes. There is no enough kinetic energy provided by the expanding bubble. Even 

when a jet can be formed, it retracts back after the bubble diminishes. If the laser fluence 

is too high and/or the glycerol concentration is too low, it is also difficult to form a 

well-developed jet since dramatic bubble expansion may lead to a bulgy shape and even 

splashing. Only under some selected conditions of glycerol concentration and laser 

fluence, can a well-defined jet form. When a jetting fluid is given, its jettability (J) can be 

characterized as the inverse of Ohnesorge number. It is observed that a good jet forms at 

0.86 ≤ J ≤ 2.49 in this study under the laser fluence of 717 ± 45 mJ/cm
2
.  
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CHAPTER FOUR 

 

LASER-ASSISTED PRINTING OF SODIUM ALGINATE SOLUTION 

 

4.1 Effect of Material Properties on Printing Process 

Basically, there are several events occur during a typical MAPLE DW process: 

bubble formation, jet formation/breakup and jet/droplet landing. During laser-assisted 

printing, the energy of the incident laser pulse is absorbed by the alginate/glycerol 

solution-based ribbon coating, forming a high pressure and high temperature bubble that 

further expands within the coating due to sublimation [Barron2005] [Young2002]. 

The effect of material properties on the printing process is studied using 2%, 4% 

and 6% NaAlg solutions as printing ink. The laser fluence was initially controlled at 1021 

± 22 mJ/cm
2
, the spot size was 150 μs, and the direct writing height was about 1.8 mm. 

The time-resolved typical images are shown in Fig. 4.1. The printing mechanism for 2% 

NaAlg is droplet contact-based instead of jet contact-based for 4% and 6%, and this 

droplet contact-based printing has not been reported thus far as of laser-assisted printing. 

It can be seen from Fig. 4.1(a), a droplet emerged under the tip of the main jet within the 

first 100 μs. Then more droplets formed upon contacting the receiving substrate. From 

200 to 300 μs, more droplets were formed and “beads-on-a-string” (BOAS) phenomenon 

was observed, which was previous observed by Unger et al. [Unger2011], but without a 
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receiving substrate. Within this time duration, the initial laser-induced bubble shrank 

back and became smaller until could hardly be seen. The entire printing process lasted for 

about 300-400 μs. For 4% and 6% NaAlg, the main jet contacted the receiving substrate 

before droplet formation. The droplets formed by the thinning of the main jet, which was 

due to Rayleigh instability. As can be seen from Fig. 4.1, droplets started to emerge as 

BOAS at 100-200 μs and 200-300 μs for 4% and 6% NaAlg solutions respectively. There 

was no exact time to define the breakup of the jet since local BOAS still presented until 

posterior frames. The entire printing process lasted for about 500-600 μs and 600-700 μs 

for 4% and 6% solutions respectively.  
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Fig. 4.1 Time-resolved representative images of alginate printing process (laser 

fluence 1021 ± 22 mJ/cm
2
, laser spot size 150 μm, and direct writing height 1.8 mm): (a) 

2% NaAlg, (b) 4% NaAlg, and (c) 6% NaAlg 

 

The physical properties of viscoelastic fluid NaAlg vary among different 

concentrations. The density increases while surface tension decreases with the increase of 

NaAlg concentration, as can be seen from Table 1. However, the amplitudes of variation 

are small (about 4%). The viscosity increased at a large extent (about 23 times) as the 

NaAlg concentration increases from 2% to 6%. Therefore, higher concentration fluid is 

much more viscous. The Ohnesorge number is a nondimensional number that 
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characterizes the balance of viscous, surface tension and inertial effects of a slender 

filament. Generally, the Ohnesorge number can be determined as follows: 

l
Oh




                            (4) 

where  ,  , and   are the fluid viscosity, density, and surface tension, and l is the 

characteristic length which is taken as the laser spot diameter. Alternatively, Ohnesorge 

number can be also interpreted as the ratio of the Rayleigh time scale t  and the viscous 

diffusion time scale t , which are defined respectively as follows: 





t

t
Oh                                 (5) 

where 





3l
t  , and 






2l
t  . The Ohnesorge number is dependent only on material 

properties and characteristic length. The calculated Ohnesorge numbers are 1.59, 10.64 

and 37.47 for 2%, 4% and 6% NaAlg solutions respectively. A larger Ohnesorge number 

indicates the domination of viscous force. According to experimental results, a larger 

Ohnesorge number indicates a larger tendency of jet contact-based printing, while a 

smaller Ohnesorge number indicates a larger tendency of droplet contact-based printing. 

In order to understand the effect of viscoelasticity on jet formation, the fluid must 

be characterized. Relaxation time is the unique property of viscoelastic fluid, and it is 

preferentially examined herein. The longest relaxation time, which is the time for the 

molecular chins to return to rest after they are released from a stretched position, has 
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typically been determined using Zimm model [Yan2011] [Cooper-White2002]. The 

Zimm model defines the relaxation time as: 

 
TkN

M

BA

sW
Z






][

)3(

1
                         (6) 

          )(][ WMA                            (7) 

where ][  is the intrinsic viscosity, WM  is the molecular weight and is calculated 

as 24 kDa (24000 g/mol), s  is the solvent viscosity (deionized water ~1 mPa·s), 

AN  is Avogadro’s constant, Bk  is the Boltzmann constant, and T is the 

temperature in Kelvin (298K).  

The empirical constants for  ][  is found to be A=0.00504 and α=1.01 

[Vold2006]. It was calculated that 1 8.133][  gml , the Zimm constant 

60235.0
)3(

1



, and msZ  78.0 . The inverse of the intrinsic viscosity is the critical 

overlap concentration mlgc / 0058.0
][

77.0* 


, which is defined  by Graessley 

[Graessley1980].  The effective relaxation times for 1% and 2% NaAlg solutions have 

been calculated as 1.1 ms and 2.15 ms respectively according to experiment data. The 

calculated values are listed in Table 2. Effective relaxation times for 4% and 6% NaAlg 

solutions are estimated based on the linear relationship of linear relationship between 

Zeff  /  and */ cc  [Tirtaatmadja2006] in this study, as can be seen from Fig. 4.2. The 

prediction values of eff  is also shown in Table 2. 
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Table 2 Calculation of effective relaxation time of NaAlg 

c (g/ml) c
* 

(g/ml) 

eff  

(ms) 

Z  

(ms) 

*/ cc  Zeff  /  

1% 

0.0058 

1.10 

0.78 

1.72 1.41 

2% 2.15 3.45 2.76 

4% 4.17 6.90 5.34 

6% 6.33 10.34 8.12 

 

The Deborah number De  balances the viscous and the elastic effects, which is 

interpreted as the ratio of the relaxation time scale eff  and the Rayleigh time scale t : 





t
De

eff
                                (8) 

It can also be represented as: 

3

2

l
De

eff




                             (9) 

The Deborah number is also dependent only on material properties and characteristic 

length. The calculated Deborah numbers are 7.96, 14.89 and 21.83 respectively for 2%, 

4% and 6% NaAlg solutions. The smaller the Deborah number, the ink behaves more 

fluid like. A larger Deborah number indicates the increasing domination of elasticity, 
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reaching solid like behavior. According to the experimental results, regardless of laser 

fluence, 4% and 6% NaAlg solutions were more difficult to print than 2% solution ( as 

can be seen under the laser fluence of 800 mJ/cm
2
). In addition, it was more likely to 

have jet contact-based printing than droplet contact-based printing with larger Deborah 

number, indicating the elastic behavior of the ink that “stretched” the fluid into a long 

thin jet. 

 

*/ cc

Zeff  /

~5.34

~8.12

6.90 10.34

 

Fig. 4.2 Prediction of eff  of 4% and 6% NaAlg solutions based on linear 

relationship between Zeff  /  and */ cc  
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4.2 Effect of Laser Fluence on Printing Process 

The effects of different operating conditions on the printing process are 

investigated in this study in order to better understand the printing mechanism. The 

operating conditions can affect the entire printing process, from bubble formation, jet 

formation, jet development, droplet formation to the final landing process. Basically, the 

operating conditions include laser fluence, laser spot size and direct writing height, and 

they are supposed to have similar or counterpart effects as material properties.  

Various laser fluences were used to print different concentrations of NaAlg 

solutions in order to investigate the effect of laser fluence on the printing process. As 

stated above, the printing phenomenon can be generally divided into several different 

regimes: splashing, jetting and no deposition. Since only a single deposition spot is 

preferred during printing, it is defined as “printable” in this study only when a well 

defined jet or droplets in a straight line can be obtained. Basically, the laser fluences used 

in this study are in the “printable” regime. 

Fig. 4.3 shows the representative images of the printing of 2% NaAlg solution 

using laser fluences of 686 ± 19, 861 ± 20, 1021 ± 22, 1196 ± 29, and 1380 ± 34 mJ/cm
2 

respectively. One representative image is shown for every 100 μs for each case. When the 

ink is locally superheated, the pulse energy is converted to the bubble expansion energy 

which ejects the ink away and forms a jet. Once the jet forms, surface tension will try to 
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thin and pinch off the jet, and then the jet breaks up into droplet(s) due to Rayleigh 

instability. At the same time, the jet develops towards the receiving substrate with a 

velocity of tens of meters per second impelled by bubble expansion. The thinning 

velocity or capillary velocity of the jet is defined as the decreasing rate of the radius of 

the jet R: 
dt

dR
U  . Theoretically, if the jet arrives at the receiving substrate faster than 

the breakup, droplets cannot be observed, resulting in jet contact-based printing. In 

contrast, if breakup velocity is fast, droplet contact-based printing can be observed.  
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Fig. 4.3 Time-resolved representative images of alginate printing process (NaAlg 

concentration 2%, laser spot size 150 μm, and direct writing height 1.8 mm) at laser 

fluences of: (a) 686 ± 19 mJ/cm
2
, (b) 861 ± 20 mJ/cm

2
, (c) 1021 ± 22 mJ/cm

2
, (d) 1196 ± 

29 mJ/cm
2
, and (e) 1380 ± 34 mJ/cm

2 
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In this study, droplet contact-based printing was obtained at laser fluences of 686 

± 19, 861 ± 20, 1021 ± 22 mJ/cm
2
 (Fig. 4.3(a), (b) and (c)), while jet contact-based 

printing was obtained at 1196 ± 29, and 1380 ± 34 mJ/cm
2 

laser fluences (Fig. 4.3(d) and 

(e)). Laser fluence can also influence the jetting dynamics besides fluid properties. At 

higher laser fluences, more energy was converted to bubble expansion energy, obtaining 

a jet with larger velocity. Consequently, the jet reached the receiving substrate earlier 

than the breakup of the jet, ending up jet contact-based printing. At lower laser fluences, 

the jet velocity is not larger enough so that the breakup of the jet can be seen before the 

jet contacting with the receiving substrate. It can be seen from Fig. 4.3 that the entire 

printing time increased monotonically with the laser fluence. For example, at the laser 

fluence of 686 ± 19 mJ/cm
2
, the initiated protrusion began to shrink much earlier and 

ends also much earlier than higher laser fluences. This is because when subjected to 

higher laser fluences, more ink is ejected away from the ribbon, and it takes more time to 

break and end up the jet, overcoming the contribution of a high speed jet induced by a 

higher laser fluence. In addition, the jet breakup appears earlier at lower laser fluences. 

This is also mainly due to the smaller jet velocity induced by low laser fluence, allowing 

the emerging of jet breakup before the jet contacting the receiving substrate. When 

subjected to higher laser fluences, the breakup of the jet appears after the jet contacts the 

receiving substrate, and the deposition point is then filled by the breaking droplets. 
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Fig. 4.4 The entire printing time as functions of laser fluence and NaAlg concentration
 

 

The results of printing 4% and 6% NaAlg solutions also show that the entire 

printing time increases with the laser fluence, as can be seen in Fig. 4.4. It can also be 

seen that the entire printing time increases with NaAlg concentration, which has been 

demonstrated in the previous section. What needs to be mention is that when 4% and 6% 

NaAlg solutions were used at the laser fluence of 686 ± 19 mJ/cm
2
, no jet formed and 

thus no material was deposited, which means the laser fluence was too low to print the 

higher viscous material. 

Moreover, the bubble formed at the laser fluence of 1380 ± 34 mJ/cm
2
 was larger 



 60 

than at lower laser fluences, and a bulgy shape was formed at the beginning, which has 

also been previously observed [Yan2012] [Unger2011]. Similar as Fig. 4.1, the BOAS 

phenomenon can also be seen in Fig. 4.3(c), (d) and (e). Since the development of the jet 

is not very stable even at the same printing condition, detailed morphology and breakup 

process is hence not emphasized here.  

A variation of laser fluence indicates the variation of Reynolds number (Re). The 

Reynolds number is a dimensionless number that measures the ratio of inertial force to 

viscous force, and it is often used to characterize different flow regimes. The Reynolds 

number is defined as:  



vl
Re                              (10) 

Where  ,  , v , and l  are the fluid density, viscosity, jet velocity, and characteristic 

length, which is taken as the laser spot diameter. The calculated Reynolds numbers are 

shown in Table 3. It can be seen that the Reynolds number increases with the laser 

fluence while decreases with NaAlg concentration. It can also be seen that Reynolds 

number increased with laser fluence more with lower concentration solution than higher 

concentration solution. The larger the Reynolds number, the larger the jet velocity, and 

thus the likely it would be to obtain jet contact-based printing.  
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Table 3 Calculation of Reynolds numbers under different printing conditions 

Concentration\laser 

fluence (mJ/cm
2
) 

686 ± 19 861 ± 20 1021 ± 22 1196 ± 29 1380 ± 34 

2% 1.33 13.46 15.19 18.41 32.85 

4% 

No jet 

5.01 7.84 10.20 25.29 

6% 1.12 1.62 2.13 3.49 

 

4.3 Effect of Laser Spot Size on Printing Process 

In order to study the effect of laser spot size in printing process, two different 

laser spot sizes were used in this study. The laser spot size used in the previous sections 

was 150 μm in diameter, while in this section a smaller laser spot size (50 μm in diameter) 

was used. Same laser fluences were used as comparison, as can be seen in Fig. 4.5. 

However, when 686 ± 19 mJ/cm
2
 and 861 ± 20 mJ/cm

2 
were used to print 2% NaAlg 

with a smaller spot size, no material was transferred. The 2% NaAlg solution was only 

printable under higher laser fluences (1021 ± 22 mJ/cm
2
, 1196 ± 29 mJ/cm

2
 and 1380 ± 

34 mJ/cm
2
) using laser spot size of 50 μm in diameter. Moreover, 4% and 6% NaAlg 

solutions were also not printable in the applied laser fluence range. 

 



 62 

0 μs 100 μs 200 μs 300 μs

200 µm

200 µm

200 µm

(a)

(b)

(c)

 

Fig. 4.5 Time-resolved representative images of alginate printing process (NaAlg 

concentration 2%, laser spot size 50 μm, and direct writing height 1.8 mm) at laser 

fluences of: (a) 1021 ± 22 mJ/cm
2
, (b) 1196 ± 29 mJ/cm

2
, and (c) 1380 ± 34 mJ/cm

2 

 

Comparing the printing processes in Fig. 4.3 and Fig. 4.5, when smaller laser spot 

size was used, the jet became much thinner and droplets became much smaller. Hence the 

breakup of jet can be observed in the earlier time frames. It can also be seen that when a 

smaller laser spot size was used, the jet ended up much earlier, and the entire printing 

process lasted for less than 200 μs. By using a smaller laser spot size, less beam energy 

was transferred per pass. Therefore the initiated bubble was smaller, and the expansion 

energy was also less. Consequently, the jet velocity became smaller, resulting in droplet 
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contact-based printing. It can be seen in Table 4 that under laser fluence of 1021 ± 22 

mJ/cm
2
, the printing was droplet contact-based under both laser spot sizes. The printing 

changed from jet contact-based to droplet contact-based while using the laser fluences of 

1196 ± 29 and 1380 ± 34 mJ/cm
2
. BOAS phenomenon can be only observed under laser 

fluence of 1380 ± 34 mJ/cm
2
. This is probably because if less material is transferred, jet 

is thinner, thus droplets are easier to form due to surface tension. Moreover, the thin 

filament is easier to be broke up as jet develops. Therefore, BOAS phenomenon only 

emerges when sufficient ink is ejected. 
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Table 4 Printing of 2% NaAlg under different laser spot sizes 

Laser fluence (mJ/cm
2
)\laser 

spot size (diameter/μm) 

150 50 

686 ± 19 

Droplet 

contact-based No material 

transferred 

861 ± 20 

Droplet 

contact-based 

1021 ± 22 

Droplet 

contact-based 

Droplet 

contact-based 

1196 ± 29 

Jet 

contact-based 

Droplet 

contact-based 

1380 ± 34 

Jet 

contact-based 

Droplet 

contact-based 

Note: no material transferred for 4% and 6% NaAlg 

 

4.4 Effect of Direct Writing Height on Printing Process 

Another operating condition is direct writing height, which is the distance 

between the ribbon coating and the receiving substrate. Intuitively, breakup of jet is more 

likely to take place with a larger direct writing height. In this way, it is more likely to 
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have droplet contact-based printing using a larger direct writing height.  

Experimental study was conducted to verify and further understand the effect of 

direct writing height in laser-assisted printing. Fig. 4.6 shows the time-resolved printing 

of 2% NaAlg solution at laser fluence of 1021 ± 22 mJ/cm
2
, and the laser spot size used 

was 150 μm in diameter. The direct writing heights used were 1.8, 1.4, 1.0 and 0.5 mm. It 

can be seen that when the direct writing height was reduced from 1.8 mm to 1.4 mm, the 

printing remained droplet contact-based and the entire printing time did not change much 

(300-400 μs). However, the printing became jet contact-based when the direct writing 

height was reduced to 1.0 mm and smaller, and the entire printing time also changed to a 

bit longer (400-500 μs). The jet began to breakup within the first 100 μs at direct writing 

heights of 1.8 and 1.4 mm, while the jet began to breakup at 200-300 μs and 400-400 μs 

respectively at direct writing heights of 1.0 and 0.5 mm. The smaller direct writing height 

tended to “stable” the jet, as in Fig. 4.6(d), the jet was straight and thick within the first 

400 μs. This stabilization effect was also found by Unger et al. [Unger 2011] that the 

appearance of a receiving substrate stabilized the jet. At a smaller direct writing height, 

the breakup of the jet was too quick that the jet ends up in the next 100 μs, and without 

any droplets floating in the air gap. Similarly, the jet travelled in a smaller distance when 

the direct writing height was smaller, and there is not sufficient time for the jet to breakup 

before it reached the receiving substrate. The BOAS phenomenon occurred at the direct  
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Fig. 4.6 Time-resolved representative images of alginate printing process (NaAlg 

concentration 2%, laser spot size 150 μm, and laser fluence 1021 ± 22 mJ/cm
2
) at direct 

writing heights of: (a) 1.8 mm (b) 1.4 mm (c) 1.0 mm, and (d) 0.5 mm
 

 

writing heights of 1.8, 1.4 and 1.0 mm, but cannot be observed at direct writing height of 

0.5 mm. Therefore, BOAS phenomenon only emerges when the jet travelling distance is 

sufficient. The results are similar when using other concentrations of NaAlg solutions. 

4.5 Delineation of Printing Regimes 

Generally, the printing type is divided into three different regimes according to 
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different fluid properties and operating conditions in this study. The schematic of the 

printing regime is shown in Fig. 4.7. The corresponding printing conditions for each 

regime have been discussed in the previous sections. During laser-assisted printing 

process, it is preferred to have jet contact-based printing rather than droplet contact-based 

printing considering the possible manufacturing application of this technique. On the one 

hand, the printing resolution could be higher for jet contact-based printing, especially a 

straight jet contact-based printing. On the other hand, micro droplets formed by jet 

breakup might be floating in the air gap and thus generating multi-deposition at one 

destination point at receiving substrate.  

 

Jet-based deposition No deposition

(a)

Droplet-based deposition

(b) (c)

Jet contact-based printing Droplet contact-based printing No material transferred

 

Fig. 4.7 Schematics of different printing regimes 

 

An operating diagram is drawn by combining the fluid properties and operating 

conditions based on experimental results and physical understanding, as shown in Fig. 

4.8. This logarithmic operating diagram is constructed under the laser spot size of 150 μm 
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and direct writing height of 1.8 mm, and it does not fully apply to other operating 

conditions. From this diagram, the preferable jet contact-based printing zone locates in 

the upper right part where both Deborah number and Reynolds number are sufficiently 

large. The droplet contact-based printing zone locates at the region that Deborah number 

is relatively small. When the Reynolds number is small and the Deborah number is 

relatively large, there is no material transferred. This is reasonable since a larger laser 

fluence indicates a larger Reynolds number, and a higher concentration solution indicates 

a larger Deborah number.  

The Deborah number is only related to material properties and characteristic 

length, while the Reynolds number depends not only on material properties, but also on 

jet velocity and characteristic length. NaAlg concentration affects the material properties, 

laser fluence affects the jet velocity, and the laser spot size affects the characteristic 

length and jet velocity, while direct writing height affects none of the properties. 

Therefore, both dimensionless numbers would change with NaAlg concentration and 

laser spot size. However, Deborah number would probably not change with laser fluence. 

Moreover, both dimensionless numbers would not change with direct writing height. 

Therefore, more detailed understanding is expected in order to understand the printing 

regimes under different printing conditions. 
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No material transferred zone

Droplet contact-based printing zone

Jet contact-based printing zone

 

Fig. 4.8 Logarithmic operating diagram demonstrating different printing regimes (laser 

spot size 150 μm, direct writing height 1.8 mm) 

 

4.6 Comparison of Viscoelastic and Newtonian Inks during Printing 

The jet breakup for viscoelastic fluid and Newtonian fluid has been studied so far 

in the field of inkjet printing. However, the breakup time as well as the entire printing 

time in laser-assisted printing remains unclear. In this study, 85% glycerol solution was 

laser printed as a comparison with 2% NaAlg solution since they have the same 

zero-shear viscosity. The glycerol solution was used as a sample for Newtonian fluid, 
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while the NaAlg solution was used as a sample for viscoelastic fluid, which is also 

classified as non-Newtonian fluid.  

Fig. 4.9 shows representative images at different time frames for printing of 85% 

glycerol and 2% NaAlg solutions at laser fluence of 1021 ± 22 mJ/cm
2
. The laser spot 

size was kept at 150μm and the direct writing height was kept at 1.8 mm. The study of 

comparing the jet velocity of both Newtonian and viscoelastic fluids in laser-assisted 

printing is lacking, and it has been only known that the initial development velocity is 

faster for viscoelastic with high viscosity in inkjet printing [Clasen2011]. Fig. 4.9 shows 

that the jet velocity of viscoelastic fluid was much faster than that of Newtonian fluid. 

The jet broke up within the first 100 μs for 2% NaAlg solution, while it did not break up 

until 400-500 μs for 85% glycerol solution. The entire printing time for the viscoelastic 

fluid was about 300-400 μs, while it lasted for 700-800 μs for Newtonian fluid. Moreover, 

the breakup of the jet occurred also much earlier for the viscoelastic fluid.  
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Fig. 4.9 Time-resolved representative images of laser-assisted printing process: (a) 85% 

glycerol, and (b) 2% NaAlg solution (laser spot size 150 μm, laser fluence 1021 ± 22 

mJ/cm
2
, and direct writing height 1.8 mm) 

 

Though the result seems deviated from intuition, the more important mechanism 

for this result might be related with the difference of surface tension. The surface tension 

of 85% glycerol solution is 64.9 mN/m, which is much larger than that of 2% NaAlg 

solution (45.64 mN/m). Moreover, the density of 85% glycerol solution is 1.23 g/cm
3
, 

which is also larger than that of 2% NaAlg solution (1.02 g/cm
3
). Both surface tension 

effect and gravity force contribute to the ribbon coating thickness at the incidence of laser 

beam. The surface tension effect and gravity force serves as increasing the coating 

thickness in the middle part of ribbon. Therefore, as bubble expanded, more fluid can be 

ejected when printing the 85% glycerol solution. This can be proved from the earlier time 
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frames in Fig. 4.9(a) that the bubble was larger and the jet was thicker. As a result, the jet 

broke up much later and even the breakup process lasted for 400 μs. Despite the different 

laser fluences and different NaAlg concentrations used, the BOAS phenomenon is much 

more likely to emerge for viscoelastic fluid than Newtonian fluid. Even the breakup 

process lasted for as long as 400 μs for the Newtonian fluid, there was no BOAS 

phenomenon. 

 

4.7 Conclusions 

Laser-assisted printing of both viscoelastic and Newtonian fluids are investigated 

in this section in order to better understand the effects of printing parameters on printing 

process. Time-resolved imaging analysis is carried to study the effects of fluid properties 

and operating conditions including laser fluence, laser spot size and direct writing height 

in terms of the jet development process and jet morphology. It is found that the jetting 

dynamics is functions of both material properties and operating conditions. Both 

Ohnesorge number and Deborah number increase while Reynolds number decreases with 

NaAlg concentration. As of laser fluence, only Reynolds number is influenced and it 

increases with the laser fluence. It is also found that the entire printing time increases 

with both NaAlg concentration and laser fluence. In addition, the entire printing time 

decreases with laser spot size and direct writing height. Comparing the printing of 
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glycerol and NaAlg solutions with the same zero-shear viscosity, the entire printing time 

is much larger for the glycerol solution, and the jet breaks up later. An operating diagram 

relating Deborah number and Reynolds number is constructed for dividing the different 

printing regimes: jet contact-based printing, droplet contact-based printing and no 

deposition. In order to obtain the jet contact-based printing, relatively larger Deborah 

number and Reynolds number are needed. BOAS phenomenon has been observed in 

different cases in this study. It is demonstrated that BOAS phenomena can be only 

observed under higher laser fluences and higher concentration NaAlg solutions. 
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CHAPTER FIVE 

 

LASER-ASSISTED PRINTING OF TUBULAR STRUCTURES 

 

5.1 Laser-Assisted Printing of Alginate Tubes and Annular Constructs 

5.1.1 Representative Alginate Tubes 

Fig. 5.1(a) shows a representative alginate long tube printed using the proposed 

laser printing technique, and the height of the tube is about 6 mm. This tube was printed 

using an 8% NaAlg solution under a laser fluence of 1698 ± 45 mJ/cm
2
. The tube was 

made with 240 layers and it has an average wall thickness of 0.8 mm and an outer 

diameter of 3.3 mm. For further illustration, Fig. 5.1(b) and (c) shows the top and side 

views of two different tubes. Generally, the wall surface is rough and the tube top layer is 

not flat, which might be due to the pulse instability of the excimer laser and/or the 

spreading of deposited droplets during landing. While some promising results have been 

achieved in terms of the overall feasibility, some process optimization work is expected 

in future studies in order to improve the overall printing stability and quality. 
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Fig. 5.1 (a) A representative tube fabricated using the proposed laser printing technique, 

(b) top view of the tube, and (c) side view of the tube 

 

The entire process of laser-assisted printing can be divided into three steps: 

bubble formation, jet formation/breakup and jet/droplet landing. It should be noted that 

during laser-assisted direct writing such as LIFT, the material transfer and deposition can 

be due to either formed droplets [Barron2005] [Young2002] or the contact between 

formed long, thin jet and the receiving substrate [Duocastella2008] [Serra2009] 

depending on the direct writing height and material properties. In this study, the 

constructs were fabricated mostly due to the contact of alginate jets based on the imaging 

study of the printing process. Upon landing, both mechanical impact/spreading and 

chemical gelation happen simultaneously. 

The jet formation process during laser printing of alginate solution can be 

classified into four different scenarios as shown in Fig. 5.2 depending on the laser fluence 

and the NaAlg concentration. During the printing process, once the energy of incident 

laser pulse is absorbed by the NaAlg solution-based ribbon coating, a high pressure, high 
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temperature bubble might form and further expand within the coating due to sublimation 

pressure [Lin2009b] [Guillemot2010b] [Wang2009]. Fully developed jets only form 

under certain operating conditions for a given NaAlg solution. If the laser fluence is too 

low and/or the NaAlg concentration is too high, which means a more viscous fluid, it is 

difficult for a bubble to fully form and/or expand before it diminishes [Lin2008]. As a 

result, jet may not fully form and further develop (Fig. 5.2(a)) since there is no enough 

kinetic energy provided by the expanding bubble. Instead, jet, if formed, retracts back 

after the bubble diminishes. If the laser fluence is too high and/or the NaAlg 

concentration is too low, it is also difficult to form a well developed jet as desired. Rapid, 

powerful bubble expansion may lead to a bulged shape [Unger2011] and even splashing 

[Lin2009b] [Duocastella2009a] as shown in Fig. 5.2(c) and (d), which is not ideal for 

pattern and construct printing. Only with some combinations of laser fluence and NaAlg 

concentration, jet can be fully developed as shown in Fig. 5.2(b). The laser fluence 

determines the jet kinetic energy, and the NaAlg concentration affects the viscous 

dissipation energy and the surface tension force. When the jet kinetic energy is higher 

than that of viscous dissipation, a jet forms; when the surface tension effect dominates 

and leads to the Rayleigh instability, the jet breaks up, forming flying droplets. It should 

be noted that if the jet kinetic energy is too high, it may end up with a bulged jet or 

splashing, which is not good for good printing performance. 
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Fig. 5.2 Jet formation regimes and representative jet formation observations 

 

To further illustrate the jet formation process, two representative jet observations 

are shown in Fig. 5.2(e) and (f) during the printing of 8% NaAlg solution under a laser 

fluence of 1183 ± 67 mJ/cm
2
, taken at 50 μs and 120 μs, respectively. In this study, the jet 

fed alginate solution on the deposition location and broke up after deposition as reported 

in a previous study [Duocastella2010] instead of flying droplets. Both fluid properties 

and operating conditions affect the size of forming jets and the resolution of printed gel 

structure. 

 

5.1.2 Effect of Sodium Alginate Concentration 

To appreciate the effect of NaAlg concentration on the tube printing quality, 
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annular constructs (or short tubes) with a height of around 1 mm were printed from 

NaAlg solutions with different concentrations: 2%, 4%, 6% and 8%. Some of printed 

constructs are shown in Fig. 5.3(a) and (b) (150 μm laser spot size) and Fig. 5.3(c) and 

(d) (50 μm laser spot size) under a laser fluence of 1437 ± 28 mJ/cm
2
. It can be seen that 

the printing quality increased with the increase of NaAlg concentration. As observed but 

not shown herein, the 1% NaAlg solution did not yield any good structure under all 

operating conditions investigated; only a bulky gel stack was obtained instead of a hollow 

cylindrical tube. Though annular constructs were formed using the 2% NaAlg solution, 

the construct quality was poor with a rough tube surface and non-uniform wall thickness 

as seen in Fig. 5.3(a) and (c). With the increase of NaAlg concentration, the tube surface 

became smoother, and the construct shape became better defined. Apparently, higher 

concentration NaAlg solutions (6% and 8%) yielded a better printing quality as seen in 

Fig. 5.3(b) and (d). The tube wall thickness and outer diameter are shown in Fig. 5.4 as 

the NaAlg concentration increases. In the following thickness and/or diameter plots (Figs. 

22-24), the error bars represent the standard deviation (+/- one sigma) of the tube wall 

thickness and outer diameter. Herein the tube wall thicknesses were 0.89 mm, 0.86 mm, 

0.78 mm, and 0.68 mm, respectively, showing a decreasing trend and the tube outer 

diameters were 3.55 mm, 3.52 mm, 3.41 mm and 3.35 mm, respectively, also showing a 

decreasing trend. The discrepancy between the laser spot size (150 µm in diameter) and  
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Fig. 5.3 Printed annular constructs/short tubes made from NaAlg solutions with 

different concentrations under a laser fluence of 1437 ± 28 mJ/cm
2
: (a) 2%, (b) 8%, (c) 

2% (50 μm laser spot size), and (d) 8% (50 μm laser spot size) 

 

Fig. 5.4 Tube wall thickness and outer diameter as a function of NaAlg concentration 

(laser fluence 1437 ± 28 mJ/cm
2
) 
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the resulted tube wall thickness (much larger than 150 µm) is attributed to the fluidic 

spreading of alginate jets when they landed on the previously deposited but gelatinized 

layer before their complete gelation. 

A bubble may form upon the incidence of the laser pulse and eject the NaAlg 

solution beneath as a jet if the forming bubble provides enough kinetic energy. As the 

NaAlg concentration of the ribbon coating increases, the fluid viscosity increases 

significantly too. For example, the viscosity may increase almost twenty-seven times 

comparing those of 2% and 6% NaAlg solutions (94 ± 1 vs. 2618 ± 14 mPa·s) [Lin2011]. 

A higher viscosity of the ribbon coating indicates a more pronounced viscous damping 

effect, resulting in a smaller ejection force for the transfer of alginate solution since more 

laser energy absorbed is consumed to overcome the viscous dissipation. As such, it leads 

to fewer materials being ejected and a slower jet if formed. Fewer materials ejected 

means a smaller-diameter jet/droplet per pulse with high concentration NaAlg solutions 

as observed in inkjetting NaAlg solution [Herran2012a]; in other words, a better printing 

resolution. Since the resolution of printed pattern is also affected by the landing velocity 

of jet/droplet, a lower velocity is expected to minimize the spreading effect, which can be 

accomplished using a high concentration solution. In addition, a viscous NaAlg 

jet/droplet is difficult to be spread upon landing, helping improve the printing resolution. 

On the other hand, a less viscous NaAlg solution is also likely to have a bulged shape or 
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induce splashing as shown in Fig. 5.2(c) and (d), deteriorating the printing quality. The 

effect of NaAlg concentration on the printing quality showed a similar trend under other 

laser fluences (1149 ± 34, 1698 ± 45, 2009 ± 45, and 2286 ± 45 mJ/cm
2
). As discussed, a 

higher concentration alginate solution generally leads to a better printing resolution due 

to its higher viscosity and the resulting lower jet/droplet velocity if a jet can be 

successfully formed. 

 

5.1.3 Effect of Laser Fluence 

To appreciate the effect of laser fluence on the tube printing quality, annular 

constructs were further printed under the laser fluence level from 1149 ± 34 mJ/cm
2
 to 

2286 ± 45 mJ/cm
2
. There were no monotonic trends for both the wall thickness (Fig. 5.5) 

and diameter as the laser fluence varied while the 1698 ± 45 mJ/cm
2
 laser fluence 

resulted in the smaller wall thickness and tube diameter. The wall thickness and diameter 

increased first, then decrease, and finally increased as the laser fluence increased. For the 

2% NaAlg solution, it was difficult to print a tubular structure under higher laser fluences 

(higher than 2009 ± 45 mJ/cm
2
), so the related results were not reported in Fig. 5.5. 
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Fig. 5.5 Tube wall thickness as a function of laser fluence 

 

When the laser fluence increases, it may lead to the following phenomena: 1) 

more materials transferred per pulse, 2) a higher speed jet/droplet or a higher landing 

velocity, 3) a well-developed jet with a smaller diameter within a certain fluence range as 

shown in Fig. 5.2(e) and (f), and 4) bulged or splashing jet when the laser fluence is too 

high. While the third result may lead to a better resolution, and the others may deteriorate 

the resolution. These results are kind of these competing factors in determining the 

pattern resolution herein. When the laser fluence is relatively low, the first and second 

phenomena dominate, resulting in an increasing wall thickness as observed. When the 

laser fluence is relatively high, the fourth result dominates, also resulting in an increasing 
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wall thickness as observed. Such an increasing trend as the external stimulation (such as 

the driving voltage in inkjetting) increases is also very common in inkjetting 

[Herran2012a] [Herran2010]. When the laser fluence is right to induce a well-developed 

jet, the stretching effect under a high inertia force may dominate and lead to a smaller 

wall thickness. As discussed, the printing quality has no monotonic trend as observed, 

and the exact relationship should be elucidated by studying the fluid dynamics of this 

printing process in a future study. 

Overall, the printing quality is influenced by the fluid properties, and this 

influence is further illustrated in Fig. 5.6 as the NaAlg concentration and laser fluence 

change. Generally, the tube wall thickness and tube outer diameter decrease with the 

NaAlg concentration, while they first increase, then decrease and finally increase again 

with the laser fluence. The tube wall thickness and outer diameter are more sensitive to 

the change of NaAlg concentration under lower laser fluences. Similarly, the tube wall 

thickness and outer diameter are more sensitive to the change of laser fluence when using 

lower concentration NaAlg solutions. In other words, the NaAlg concentration dominates 

if the laser fluence is low, and the laser fluence dominates if the NaAlg concentration is 

low. 
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Fig. 5.6 Tube wall thickness as functions of laser fluence and NaAlg concentration 

 

5.1.4 Effect of Laser Spot Size 

Intuitively, the feature size should be reduced by using a smaller laser spot size. 

The effect of spot size on the printing quality has also been examined, and the results are 

shown in Fig. 5.7 when two different spot sizes (150 μm vs. 50 μm in diameter) were 

tested. Under the same laser fluence, the incident energy decreased as the spot size was 

smaller. As expected, both the tube wall thickness and outer diameter reduced as the laser 

spot size decreased since fewer materials were transferred per pass. However, it can be 

seen that the thickness did not reduced to one third as the spot size reduced to one third 

(from 150 μm to 50 μm) and the thickness reduction was more pronounced at higher laser 

fluences. This observation is attributed to the following reason. The spreading effect after 
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landing may be the dominating effect on the printing quality, overshadowing that of the 

jet/droplet size. On the other hand, this spreading effect is less significant when the 

jet/droplet is more viscous as with high concentration NaAlg solutions. 

 

Fig. 5.7 Tube outer diameter and wall thickness under different spot sizes with a laser 

fluence of 2286 ± 45 mJ/cm
2 

 

Varying the laser spot size demonstrates the possibility to improve the printing 

quality; however, there are some concerns with this approach. First, the printing 

productivity may decrease since each deposited layer is thinner, and more layers are 

needed for a given construct. Second, a higher laser fluence might be needed for effective 

transfer since the energy per pulse is the product of laser fluence and laser spot size. 
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Higher laser fluences may lead to more cell damage [Lin2009a] [Lin2010] during the 

printing of cellular constructs. In addition, slim constructs may buckle or collapse, so 

sometimes it is expected to use a relatively larger spot size to have a thick structure. 

 

5.2 Laser-Assisted Printing of Cellular Tubes 

Fig. 5.8 shows a representative cellular tube printed using the proposed laser 

printing technique, and the height of the tube is about 5 mm. The tube was printed using 

the prepared bioink under the laser fluence of 1026 ± 27 mJ/cm
2
. The tube was made with 

270 layers with the outer diameter of about 3 mm. Similar with alginate tube printing, the 

wall surface is rough and the tube top layer is not flat, which might be due to the pulse 

instability of the excimer laser and/or the spreading of deposited droplets during landing. 

What need to be mention about printing automation is that the liquid inside the tube was 

never pipetted out during the printing process. This can be a deficiency that needs to be 

solved in the future because the inner liquid (calcium chloride) may further gel the 

printed jet that lands inside the hole of the tube, making the tube wall thickness larger. 

The measured cell viability immediately after printing was 65%, and the one after 

24 hours of incubation was 80%, considering the control effect for both. Cells may die 

due to various reasons and the main reasons may include: 1) normal and shear stresses 

and thermo effects in printing process; 2) ion diffusion such that calcium ions in calcium 
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chloride may diffusion through the gel layer and further broke the ion balance of cells; 3) 

lack of nutrient during printing, since the in-printing structure may stay under liquid level 

for several minutes. After 24 hours of incubation, cells underwent recovery by self-repair 

or proliferation [Lin2009a]. However, much higher post-printing cell viability is needed 

in future studies. 

 

Cellular Tube

(a) (b)
 

Fig. 5.8 Representative cellular tubes fabricated by LIFT-based printing: (a) measurement 

of printed tube, and (b) printed tube for incubation 

5.3 Conclusions 

Laser-assisted printing such as LIFT has been well studied to pattern or fabricate 

2D constructs while there is no investigation on its 3D printing performance. This study 

has investigated the effects of NaAlg concentration and operating conditions such as the 

laser fluence and laser spot size on the printing quality during laser-assisted printing of 
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alginate tubes with a nominal diameter of 3 mm. It is found that highly viscous materials 

can be printed into well-defined tubular constructs. As discussed, the printing quality is 

affected by the fluid properties and operating conditions. The tube wall thickness and 

tube outer diameter decrease with the NaAlg concentration, while first increasing, then 

decreasing and finally increasing again with the laser fluence. The NaAlg concentration 

dominates if the laser fluence is low, and the laser fluence dominates if the NaAlg 

concentration is low. Moreover, cellular tubes have been printing using the proposed 

laser-assisted printing technique. The immediate post-printing cell viability was 65%, 

while the one after 24 hours of incubation was 80%. 
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CHAPTER SIX 

 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

This thesis studies the laser-assisted direct writing of biomaterials and biological 

materials. The printing mechanism and process is studied by imaging analysis of 

laser-assisted printing two different fluids. The application of laser-assisted printing is 

further investigated by printing annular and tubular structures using both NaAlg and cell 

suspension. The major conclusions of this thesis are discussed as follows. 

 

6.1.1 Laser-Assisted Printing of Glycerol 

This study has investigated the effects of fluid properties as well as the combined 

effects of laser fluence and fluid properties on the jet formation process during 

laser-assisted direct writing of glycerol solutions. A time resolved imaging analysis-based 

approach has been implemented to investigate the jet formation process. It is found that 

the jetting dynamics is a function of fluid properties such as the glycerol concentration 

and operating conditions such as the laser fluence. If the laser fluence is too low and/or 

the glycerol concentration is too high, it is less likely for a bubble to fully form and/or 
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grow before it diminishes. There is no enough kinetic energy provided by the expanding 

bubble. Even when a jet can be formed, it retracts back after the bubble diminishes. If the 

laser fluence is too high and/or the glycerol concentration is too low, it is also difficult to 

form a well-developed jet since dramatic bubble expansion may lead to a bulgy shape and 

even splashing. Only under some selected conditions of glycerol concentration and laser 

fluence, can a well-defined jet form. When a jetting fluid is given, its jettability (J) can be 

characterized as the inverse of Ohnesorge number. It is observed that a good jet forms at 

0.86 ≤ J ≤ 2.49 in this study under the laser fluence of 717 ± 45 mJ/cm
2
. To better 

appreciate the jettability, a phase diagram is expected by considering the contributions 

from both the material properties and the operating conditions in future studies. 

 

6.1.2 Laser-Assisted Printing of Sodium Alginate 

Laser-assisted printing of both viscoelastic and Newtonian fluids are investigated 

in this study in order to better understand the printing mechanism. Time-resolved 

imaging analysis is carried to study the effect of fluid properties and operating conditions 

including laser fluence, laser spot size and direct writing height in terms of the jet 

development process and jet morphology. It is found that the jetting dynamics is 

functions of both material properties and operating conditions. Both Ohnesorge number 

and Deborah number increase while Reynolds number decreases with NaAlg 
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concentration. As of laser fluence, only Reynolds number is influenced and it increases 

with the laser fluence. An operating diagram relating Deborah number and Reynolds 

number is constructed for dividing the different printing regimes: jet contact-based 

printing, droplet contact-based printing and no deposition. BOAS phenomenon has been 

observed in different cases in this study. It is demonstrated that BOAS phenomena can be 

only observed under higher laser fluences and higher concentration NaAlg solutions. 

 

6.1.3 Laser-Assisted Printing of Structures 

Laser-assisted printing such as LIFT has been well studied to pattern or fabricate 

2D constructs while there is no investigation on its 3D printing performance. This study 

has investigated the effects of NaAlg concentration and operating conditions such as the 

laser fluence and laser spot size on the printing quality during laser-assisted printing of 

alginate tubes with a nominal diameter of 3 mm. It is found that highly viscous materials 

can be printed into well-defined tubular constructs. As discussed, the printing quality is 

affected by the fluid properties and operating conditions. The tube wall thickness and 

tube outer diameter decrease with the NaAlg concentration, while first increasing, then 

decreasing and finally increasing again with the laser fluence. The NaAlg concentration 

dominates if the laser fluence is low, and the laser fluence dominates if the NaAlg 

concentration is low. Moreover, cellular tubes have been printing using the proposed 
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laser-assisted printing technique. The immediate post-printing cell viability was 65%, 

while the one after 24 hours of incubation was 80%. 

 

6.2 Future Work 

Though inkjet printing and laser-assisted printing has been demonstrated potential 

use in cell and/or organ printing, it should be noted that the cellular tube printing is only 

the first step towards real application. Much work should be done in order to seek this 

technique’s application in biomedical field. 

 

6.2.1 Imaging Analysis of Laser-Assisted Printing 

To better understand the different laser-assisted printing regimes, future study 

may include: (1) more detailed experimental and theoretical investigation on determining 

the relaxation time of different NaAlg solutions in order to calculate related 

dimensionless groups; (2) further understanding of the behavior of Newtonian and 

viscoelastic solutions in the printing process by combining theoretical and imaging 

studies; (3) more comprehensive and detailed operating diagrams that cover the effects of 

fluid properties and all the operating conditions on different printing regimes; and (4) an 

operation diagram regarding both viscoelastic and Newtonian fluid. 
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6.2.2 Laser-Assisted Printing of Structures 

For better biofabrication and biomedical applications of laser-assisted printing 

technique, future work may include: (1) printing of longer tubes with smaller tube wall 

thickness using the proposed printing automation; (2) printing of more complex 

structures such as Y-shaped or zigzag-shaped tubes; (3) use of sacrificial layer(s) for 

process improvement; (4) printing of cellular tubes using high concentration cell 

suspension for mimicking the real tissue environment; (5) printing of multi-layered 

cellular tube using different cell types to mimic the real blood vessels; (6) demonstration 

cell fusion inside the printed cellular tubes; and (7) use of other biocompatible materials 

such as collagen and matrigel in cellular tube printing to try to get a higher post-printing 

cell viability. In addition, other organ printing-related topics might be of interest such as 

the maximum size of obtainable biological constructs, the behavior of the construct being 

built in the solution/container over a longer period of time, and the change of properties 

of the solution with the volume of the construct being built. 

 

6.2.3 Modeling of Laser-Assisted Printing Process 

The theoretical work regarding the LIFT-based printing is still currently lacking. 

Therefore, modeling the entire process of printing is needed. Future work may include: (1) 
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the modeling of bubble formation process, including laser-material interaction modeling; 

(2) modeling of jet formation process, including mathematical and software modeling; (3) 

modeling of the jet landing process, including mechanical modeling and chemical 

reaction modeling; and (4) the development of mathematical models accounting for the 

entire printing process including jet/droplet formation, landing, spreading, gelation, and 

even the cell damage process. 
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