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ABSTRACT: Arrangement or patterning of microparticles/cells would enhance the efficiency, 
performance, and function of the printed construct. This could be utilized in various applications 
such as fibers reinforced polymer matrix, hydrogel scaffold, and 3D printed biological samples. 
Magnetic manipulation and dielectrophoresis have some drawbacks, such as time-consuming and 
only valid for samples with specific physical properties. Here, acoustic manipulation of 
microparticles in the cylindrical glass nozzle is proposed to produce a structural vibration at the 
specific resonant frequency. With the acoustic excitation, microparticles were accumulated at the 
center of the nozzle and consequently printed construct at the fundamental frequency of 871 kHz. 
The distribution of microparticles fits well with a Gaussian distribution. In addition, C2C12 cells 
were also patterned by the acoustic waves inside the cylindrical glass tube and in the printed 
hydrogel construct. Overall, the proposed acoustic approach is able to accumulate the 
microparticles and biological cells in the printed construct at a low cost, easy configuration, low 
power, and high biocompatibility. 
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INTRODUCTION  
Additive manufacturing (AM) or 3D printing is widely used for various applications (Vaezi, Seitz, 
& Yang, 2013; Wong & Hernandez, 2012). The advantages of AM are free-form structure, 
scalable of component, and low equipment cost. In the printing ink, microparticles/cells are 
suspended randomly in the fluid. A spatial manipulation of microparticles/cells may improve the 
performance and functionalities of printed construct. Proper alignment and orientation of the fibers 
in a polymer matrix as fiber reinforced polymer composite can transfer the loads away from 
critical locations for the improved performance (Holmes & Riddick, 2014). Hierarchically ordered 
materials at the nano- and micro-scale levels that exploit the material composition and capabilities 
at a variety of length scales can expand the applications of AM techniques. The ability to print 3D 
scaffolds with a controlled hierarchical structure could enhance the mechanical strength, which is 
desirable for load-bearing bone defect repair and regeneration (Fu, Saiz, & Tomsia, 2011). 
Decorating the surface of carbon nanotubes with particular antibodies enables the detection of 
specific antigens as functional materials  (Fattah et al., 2017). Application of multifunctional nano-
composites with respective printing media may have common limitations, such as nozzle clogging 
(Campbell & Ivanova, 2013). Focusing the microparticles in the microchannel by surface acoustic 
wave could delay the accumulation on the microchannel wall, which may improve the nozzle-
based printing (Sriphutkiat & Zhou, 2017). 
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Figure 1. Schematic diagram of experimental setup 
Cell culture, harvest, and differentiation 
C2C12 cells, immortalized mouse myoblast cell line (CRL-1772™, ATCC®, Manassas, VA, 
USA), were cultured in HyCloneTM Dulbecco’s modified eagle’s medium (DMEM, GE 
Healthcare Life Sciences, HyClone Laboratories, Logan, UT, USA) containing 10% fetal bovine 
serum (FBS, Gibco, Waltham, MA, USA) and 1% antibiotic-antimycotic solution, including 
10,000 units/mL of penicillin, 10,000 g/mL of streptomycin, and 25 g/mL of amphotericin B 
(Gibco), in a cell culture flask.  
 
At the confluence of 80-90%, the C2C12 cells were harvested with the standard trypsinization. 
Briefly, the cells were incubated with 0.25% trypsin-1mM EDTA solution (Lonza, Basel, 
Switzerland) at 37°C for 3 minutes. The reaction of trypsin was terminated with cell culture 
medium for 5 minutes at room temperature. The cells were then washed with PBS and centrifuged 
at 1,000 RPM for 5 minutes. The initial cell concentration was enumerated using the standard 
hemocytometry (79001-00, Cole-Parmer, USA). The cells were finally embedded in 2 ml of 5% 
GelMA (Gelatin Methacrylate) at the concentration of 2, 3.5, and 5 106 cells/mL for printing, 
respectively.  
 
To activate the cell differentiation, the printed cells were incubated with 10% horse serum (H0146, 
Sigma Aldrich, USA) in DMEM at 37°C in a humidified incubator (Heracell 150i, ThermoFisher 
Scientific, USA) with 5% CO2. The culture medium was changed every three days. 
 
GelMA preparation 
In this study, 5% GelMA was prepared using the standard protocol (Loessner et al., 2016). A 
freeze-dried foamy GelMA was dissolved in Dulbecco's Modified Eagle Medium (DMEM, 
HyClone Laboratories, GE Healthcare Life Sciences, Logan, UT, USA). The GelMA solution was 
mixed with 0.2 g of a photoinitiator (Irgacure 2959, Sigma-Aldrich, USA) and then kept in a dark 
chamber at 37oC till used. 
 
RESULTS AND DISCUSSION 
 
Microparticle accumulation by acoustic waves  
The fundamental frequency of structural vibration of the cylindrical glass tube was numerically 
and experimentally determined as 871 kHz and 877 kHz, respectively. The slight difference might 
be due to a tolerance of the tube diameter from the manufacture. The corresponding time-averaged 
acoustic pressure and subsequent accumulation of microparticles in fluid in the top view is shown 
(see Figure 2). With the acoustic excitation, most of the microparticles initially suspended in fluid 
were accumulated at the center of the glass tube.  
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Figure 2. Numerical simulation of (a) time-averaged acoustic pressure field in kPa and (b) cell 
distribution in the cylindrical nozzle at 871 kHz  
 

  
 
Figure 3. Microparticle distribution in the cylindrical tube (a) without and (b) with the acoustic 
excitation at 877 kHz. 
 

  
 
Figure 4. (a) Representative photo of microparticles in 3D printed construct of 2% sodium alginate 
and (b) their distribution histogram and fitted Gaussian curve (in dashed line).   
 
During the acoustic excitation, the mixture was printed on the 4-inch petri dish. The nozzle was 
aligned perpendicular to the printing stage. The width of the printed construct is about 1.4-1.6 mm.  
After printing, the distribution of microparticles in the printed construct was determined. It is 
found that microparticles spread densely at the center, but sparsely near the edge of the printed 
construct (see Figure 3). The number of microparticles located at each location was plotted in the 
7-bins histogram. Over 85% of microparticles located in the three central bins, and the distribution 
of microparticles passed the Shapiro-Wilk test. Hence, the distribution was fitted with a Gaussian 
curve with the mean value ( ) and the standard deviation ( ) of 0.78 mm and 0.16 mm, 
respectively. The slight shifting away from the center may be due to the imbalance of the printing 
stage and the mass-loaded effect of the piezoceramic plate. 68.2% of the microparticles is located 
within a range of [0.52, 0.94] mm while 95.6% of them within a range of [0.46, 1.10] mm. The 
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value of standard deviation relates to the efficiency of microparticle accumulation. Overall, there is 
a good agreement between the numerical simulation and experimental results of the excitation 
frequency and location of pressure nodes in the glass tube. 
 
Accumulation and growth of cells excited by the acoustic waves 
The performance of acoustic nozzle was further evaluated using C2C12 muscle cells. Their 
distribution was quite random without the acoustic excitation. On day 4, the cells grew separately 
throughout the whole printed construct, sprouted out from the center, and connected with the 
sprouting cells nearby. On day 7, the cells grew further and showed a compaction of the structure 
due to C2C12 differentiation and myotube formation (see Figs. 5a, 5b, and 5c). Meanwhile, the 
cells undergone the acoustic excitation showed a distinct dense cell distribution at the center of the 
printed construct. On day 4, the dens cell structure was observed as the cells grew and connected 
to the adjacent cells. At the edge of the printed construct, some cells could even sprout outward. 
On day 7, the compaction of the structure was observed which squeezed the cell structure outline 
inward (see Figs. 5d, 5e, and 5f). The width of accumulated and differentiated C1C12cells 
throughout the printed construct is not uniform which was observed in the differentiated cells 
cultured in the confined space (Aubin et al., 2010; Costantini et al., 2017; Ostrovidov et al., 2017). 
The cells manipulation using the acoustic excitation showed a significant dense structure after the 
differentiation process, while cells in the control group were distributed more scattered (Aubin et 
al., 2010). Since C2C12 is myoblast cell which differentiates into smooth muscle cell, it usually 
prefers the dense cell-cell condition for initiating the differentiation process. The use of acoustic 
excitation gathers cells together for that enhanced cell-cell interaction to promote the cell 
differentiation.  
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Figure 5. Morphology and distribution of the cells in 5% GelMA without the acoustic excitation 
on (a) day 1, (b) day 4, (c) day 7, and with the acoustic excitation on (d) day 1,(e) day 4, (f) day 7. 
 
CONCLUSION  
Patterning of microparticles and biological cells in the 3D printed construct using the structural 
vibration of the cylindrical tube was proposed and evaluated in this work. The accumulation of 
microparticles at the center of the cylindrical tube was investigated both numerically and 

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

387



experimentally. Results of simulation and experiment are agreeable with a slight difference in the 
resonant frequency (< 2%). In the experiment, microparticles were accumulated at the center of the 
nozzle and consequently printed construct. The distribution of microparticles fits well in a 
Gaussian curve with a standard deviation of (  = 0.16 mm). Furthermore, the acoustic excitation 
could also be used for patterning biological cells in the 3D printed construct of GelMA. 
Subsequently, the distribution of cells was quite dense at the center of the printed structure, and 
accumulated C2C12 cells had greater growth and differentiation in comparison to the suspended 
ones in the control group.  
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