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Abstract
Three-dimensional bioprinting ushers a transformative change in tissue engineering, 
providing unparalleled opportunities for regenerative medicine by precisely 
fabricating intricate, biomimetic tissues. To achieve true organ-level in vitro tissue 
construction, various advanced bioprinting technologies have been developed. 
Among these, acoustic droplet bioprinting technology, owing to its excellent 
biocompatibility and multi-sample handling capabilities, offers an efficient, non-
contact liquid-handling approach for tissue engineering applications. To meet 
the printing structure’s geometric precision requirements, meticulous control of 
printing parameters is essential. However, the selection of acoustic droplet printing 
parameters still depends heavily on empirical values, which often leads to print 
outcomes that fall short of optimal standards. In this paper, a parameterized droplet 
dispensing method for multi-sample droplet excitation was established. This method 
introduces a unified scaling parameter based on the product of surface tension and 
viscosity, integrating acoustic stress and fluid response into a single dimensionless 
quantity, thereby enabling precise adjustment of droplet velocity. The relative error 
between the initial velocity measured using this method and the preset velocity was 
less than 6.7%. Next, we analyzed the effects of droplet overlap distance and the 
Weber and Ohnesorge numbers on printed line-width consistency. By employing 
optimized printing parameters, we achieved controllable printing of patterned 
hydrogel meshes suitable for cell culture. The results demonstrated that the lengths 
and widths of the nine sub-meshes exhibited high consistency. These advances 
move acoustic droplet bioprinting from an experience-driven process toward a more 
systematic, predictive, and reproducible parameter-optimization strategy.

Keywords: Acoustic droplet bioprinting; Bioprinting parameters optimization; 
Parameterized droplet dispensing method

1. Introduction
According to the latest statistics from the World Health Organization, nearly 2 million 
people worldwide require organ transplantation each year, whereas organ availability 
remains far below demand (supply–demand ratio < 1:20).1 Organ shortages present the 
biggest challenge for organ transplant recipients. In recent years, the rapid advancement in 
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tissue engineering has shown great potential in addressing 
the “organ transplant crisis.”2 Tissue engineering, an 
emerging science developed in the late 1980s, involves the 
interdisciplinary fusion of clinical medicine, biomaterials, 
cell biology, bioengineering, and other fields.3 It aims to 
establish three-dimensional (3D) complexes of cells and 
biomaterials using bioactive substances through in vitro 
cultivation or construction methods to replace or repair 
damaged organs.4 

To achieve true organ-level in vitro tissue construction, 
researchers have developed various advanced 3D 
bioprinting technologies, including extrusion-based 
bioprinting,5,6 inkjet bioprinting,7,8 laser-assisted 
bioprinting,9,10 and stereolithography bioprinting.11,12 These 
technologies, characterized by high printing resolution, 
rapid fabrication speed, and advanced automation, are 
pivotal to the evolution of tissue engineering.13 However, 
nozzle-dependent bioprinting methods, such as extrusion-
based and inkjet bioprinting, typically face the following 
challenges: (i) High concentrations and viscosities of 
bioinks can lead to nozzle clogging, thereby reducing 
droplet distribution accuracy14; and (ii) the transient high 
pressure and shear forces generated at the nozzle during 
the distribution of biomolecules and cells can damage 
bioactive materials.15,16 Conversely, while nozzles do not 
constrain laser-assisted and stereolithographic printing 
methods, residual reagents can readily cause biological 
materials to lose activity.17

Compared with other 3D bioprinting techniques, 
acoustic droplet bioprinting employs focused ultrasound 
to dispense bioinks in a non-contact manner with high 
spatial precision and without nozzle-induced constraints.18 
The absence of physical contact and shear-inducing nozzles 
minimizes mechanical stress on cells and biomaterials, 
thereby preserving bioactivity and viability. In addition, 
its capability to handle diverse bioinks without clogging 
enables flexible, multi-material deposition, which is 
particularly advantageous for constructing complex tissue 
and organ-like architectures.19 Owing to these features, 
acoustic droplet bioprinting offers distinct advantages 
for tissue and organ printing and has attracted increasing 
attention in the field. 

 In 2021, Jentsch et al.20 successfully fabricated complex 
3D hydrogel structures laden with cells using acoustic 
droplet bioprinting technology, without adversely affecting 
the proliferation or differentiation capacity of stem cells. 
Xia et al.,21 Chen et al.,22 and Gong et al.23 integrated 
personalized medicine with acoustic droplet bioprinting 
to construct reliable tumor models. These models not only 
closely mimic the in vivo tumor microenvironment but also 
enable objective and accurate assessment of drug efficacy 
and safety. However, the lack of precise optimization 

in the dynamic control of acoustic droplet bioprinting 
parameters results in poor consistency in multi-sample 
droplet ejection and challenges in achieving the desired 
structural precision of in vitro tissue models.23 

Current studies on control methods rely predominantly 
on empirical observations. For example, Jentsch et al.19 
reported that the droplet impact velocity varies linearly with 
ultrasonic electrical input power, while the droplet diameter 
is inversely proportional to the ultrasonic frequency. 
In addition, Fang et al.24 experimentally demonstrated 
that the droplet diameter increases with increasing pulse 
duration. Although these findings provide useful insights 
into the controllable dispensing of droplets in acoustic 
droplet bioprinting, they do not offer a systematic analysis 
of how the complex fluid properties of bioinks influence 
droplet generation and key characteristic parameters.

The commonly used input power control methods for 
acoustic droplet bioprinting include power scanning and 
dynamic fluid analysis methods. The method of power 
scanning involves a step-by-step incrementation of the 
acoustic energy until the ideal droplet initial velocity is 
obtained. Although implementation is straightforward, the 
process requires a substantial time investment.24,25 In 2016, 
Hadimioglu et al.18 developed a dynamic fluid analysis 
technique, which evaluates threshold power by analyzing 
the dynamic response of the liquid surface under focused 
acoustic energy. This method enables the automated 
assessment of the minimum input power needed for 
droplet excitation, but identifying the specific input power 
that matches the desired droplet initial velocities is difficult. 
The aforementioned studies fail to provide a viable solution 
for the controllable dispensing of multiple samples.

On the other hand, apart from ensuring stable droplet 
ejection, analyzing the impact of printing parameters 
on print quality, such as line width and its smoothness, 
is crucial for high-fidelity in vitro tissue construction. 
Gudapati et al.26 emphasized in their review that the 
spreading characteristics of bioink droplets on the substrate 
significantly impact printing resolution and structural 
integrity. Gong et al.,27 in their optimization study of 
linear bioprinting processes, found that droplet spreading 
characteristics are influenced by multiple factors, including 
substrate wettability, collision velocity, and droplet volume. 
Current research still lacks a correlation analysis of the 
impact of printing parameters on print quality. Relying 
solely on empirical methods makes it challenging to 
achieve high-precision and reproducible printing of in 
vitro tissue models.

Therefore, our method first introduces a unified scaling 
parameter based on the product of surface tension and 
viscosity, integrating acoustic stress and fluid response 
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into a single dimensionless quantity. By analyzing the 
correlations among input power, droplet velocity, and 
this liquid-property product, the input power required 
to excite droplets to a target velocity can be accurately 
predicted for bioinks with known properties. This 
capability enables controlled bioprinting of diverse 
bioinks, significantly reducing the reliance on extensive 
power scanning, thereby shortening experimental time 
and improving reproducibility.

Next, a direct correlation between input power and 
line width was established by analyzing the effects of input 
power and droplet characteristic parameters, as well as the 
influence of the droplet overlap distance, Weber number 
(We), and Ohnesorge number (Oh) on line width. To verify 
the feasibility, patterned hydrogel meshes for cell culture 
were printed. By integrating the predictive velocity control 
and optimized printing parameters, we demonstrated 
the fabrication of hydrogel mesh structures with high 
dimensional consistency. The lengths and widths of the 
nine subgrids exhibited excellent consistency. 

2. Materials and methods
2.1. Experimental system 
The acoustic droplet bioprinting system consists of four 
components: a liquid-depth measuring system, a droplet-
excited system, a high-speed visualization system, and a 
target substrate (Figure 1). The liquid depth measuring 
system consists of an oscilloscope (DS7000, Rigol, China) 
and a pulser/receiver (5072PR, Olympus, Japan). They 
were utilized to measure the depth of the liquid within 
the wells and to align the transducer focal point onto the 
liquid surface. The droplet-excited system includes a power 
amplifier (75A250, Amplifier Research, USA), a 5-MHz-

focused ultrasound transducer (V309S-SU, Olympus, 
Japan), and an arbitrary waveform generator (DG5000, 
Rigol, China), which were utilized for generating the 
required acoustic energy. The ultrasound transducer has 
an active aperture diameter of 12.7 mm and a focal length 
of 19.43 mm, corresponding to an f-number of 1.53. The 
focal zone was characterized by an axial length of 5.24 
mm and a lateral diameter of 0.47 mm. The high-speed 
visualization setup (SA-X2, Photron, Japan) was used to 
record the entire process of droplet excitation, upward 
flight, and printing onto the target substrate at 12,500 fps. 

Droplet diameter and velocity were measured using 
contour detection and centroid-extraction algorithms. 
During the experiments, 48-well plates (each well with 
a diameter of 11.5 mm and a depth of 17 mm) served as 
the source liquid wells, while glass slides measuring 26 
× 76 mm with a thickness of 1 mm acted as the target 
substrate. The glass slide was positioned 0.50 cm above the 
liquid surface.

2.2. Reagents and materials 
Gelatin methacrylate (GelMA) solutions (≥98% purity; 
Psaitong, China) at various concentrations, containing 10 
µm polystyrene green fluorescent microspheres (G1000B, 
ThermoFisher, USA), were used as the experimental 
media (Table 1). GelMA is commonly used as a bioink 
due to its adjustable physicochemical properties, excellent 
biocompatibility, and close resemblance to natural 
extracellular matrices.28,29 Polystyrene microspheres with 
sizes, shapes, and surface properties approximating those 
of cells were chosen as cell surrogates to simplify analysis.19

Because GelMA solutions are thermosensitive, viscosity 
decreases at 37°C, improving flowability and printability. 

Figure 1. Schematic diagram of the acoustic droplet bioprinting system.
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This characteristic makes GelMA hydrogel more suitable 
for bioprinting. Therefore, during the experimental process, 
a temperature control system (ED330, Jiangsu Huakai 
Electric Heating Appliances Co., Ltd., China) was utilized 
to heat the source fluid wells. The temperature control 
system consists of a polyimide heating film, an intelligent 
digital temperature controller, and a power adapter. The 
temperature control system achieves a precision of 0.1°C, 
with a temperature deviation not exceeding 0.5°C.

To develop a parameterized droplet dispensing method, 
it is crucial to measure the liquid properties in advance. 
The surface tension of bioink was measured by a surface 
tension instrument (CV-ZL1020, CVOK, China). The 
viscosity was measured by an automatic digital viscometer 
(DV3TLV, Brookfield, USA). Each value represents the 
mean of six measurements. During the measurements, 
a small heating plate was placed beneath the glass 
container holding the test reagent, maintaining the liquid 
temperature at 37°C. According to the measurements, the 
GelMA-based inks containing 10 or 20 μm polystyrene 
microspheres exhibited viscosities in the range of 8.36–
10.91 cP and surface tensions between 36.82 and 50.52 
mN/m. In addition, to ensure the uniform distribution of 
microspheres in the GelMA solution, both the printing 
and liquid properties measurement experiments were 
conducted within 10 min after stirring.

2.3. Statistical analysis 
All quantitative data are expressed as mean ± standard 
deviation (SD). Each experimental condition was 
independently repeated at least five times (n ≥ 5), as 
specified in the corresponding figure captions. Correlation 
analyses between printing parameters (e.g., acoustic 
input power, droplet overlap distance, We, and Oh) and 
printing outcomes (e.g., droplet velocity and printed line 
width) were performed using linear regression analysis. 
The goodness-of-fit was evaluated by the coefficient of 
determination (R2). For comparisons involving variability 
in printed line width, the coefficient of variation (CV) was 

used as the primary quantitative metric to assess printing 
consistency. CV was calculated as the ratio of the SD to the 
mean value of the measured line width. Statistical analyses 
and data fitting were performed using Origin (version 
2021, OriginLab Corporation, USA). Image analysis and 
quantitative measurements were conducted using ImageJ 
(version 1.53, National Institutes of Health, USA).

3. Results and discussion
3.1. Parameterized droplet dispensing method 
Previous studies have shown that with increasing input 
power, the droplet diameter varies minimally, while the 
initial velocity is easily detectable and linearly increases.18 
Subsequent droplet excitation experiments were conducted 
on the reagents listed in Table 1, aiming to establish 
quantitative correlations between liquid properties (e.g., 
viscosity and surface tension), input power, and droplet 
initial velocity. Given the propensity of droplets to exhibit 
unstable excitation at lower input power and the potential 
for secondary droplet formation at excessively high input 
power, the input power control range needs to be defined 
within an interval extending from the threshold power, 
corresponding to the point of zero initial velocity, to the 
maximum power point, where the onset of secondary 
droplet formation occurs.

As shown in Figure 2, the linear correlation between 
velocity and input power was significantly influenced by 
the liquid properties. With the increase in microsphere 
concentration in the GelMA solution, the slope also varied. 
The linear correlations between droplet initial velocity and 
input power for the six reagents from A to F were as follows: 
y = 0.57176x−1.15969 (R2 = 0.97), y = 0.38632x−0.65024 
(R2 = 0.98), y = 0.34184x−0.52587 (R2 = 0.99), y = 
0.32956x−0.49615 (R2 = 0.98), y = 0.29551x−0.48313 (R2 = 
0.99), and y = 0.27658x−0.44181 (R2 = 0.99). 

This pattern can be attributed to the addition of 
microspheres, which results in a change in the liquid 
properties. The differences were primarily reflected in 

Table 1. Characteristics of the experimental fluids

Liquid name Density (g/cm3) Surface tension (mN/m) Dynamic  viscosity (cP) Speed of sound (m/s)

A 1.03 36.82 8.36 1526

B 1.02 45.52 9.44 1523

C 1.01 46.11 9.52 1515

D 1.00 47.23 9.58 1497

E 0.98 49.88 10.12 1490

F 0.94 50.52 10.91 1526

Notes: A: 5% gelatin methacrylate (GelMA), B: 5% GelMA with 1.81 × 105 microspheres/mL, C: 5% GelMA with 5 × 1.81 × 105 microspheres/mL, D: 5% 
GelMA with 1.81 × 106 microspheres/mL, E: 5% GelMA with 5 × 1.81 × 106 microspheres/mL, F: 5% GelMA with 1.81 × 107 microspheres/mL.
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Figure 2. Correlation between droplet initial velocity and input power. Each experimental data point was obtained by averaging five repeated measurements. 
Abbreviation: GelMA, gelatin methacrylate.

Figure 3. Correlation between input power and the product σv at specific initial velocities.
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density, surface tension, and viscosity. Therefore, we 
introduced the product of surface tension σ and kinematic 
viscosity v 30,31 and developed a parameterized droplet 
dispensing method by establishing the correlation between 
droplet initial velocity, input power, and the product σv. 
The fluid’s kinematic viscosity v was calculated by dividing 
its dynamic viscosity by the fluid’s density.

As the concentration of microspheres increases, the 
products σv of these reagents from A to F were determined 
to be 298.61, 420.15, 434.82, 453.41, 517.75, and 586.30 
cSt⋅mN/m. With the increase in σv, the internal resistance 
to flow and intermolecular forces also increase. This 
requires higher input power to achieve the target velocity. 
Therefore, for bioinks exhibiting a greater σv, the slope of 
the linear fitting equation was smaller.

To examine the correlation between the σv, velocity, 
and input power, we extracted input power data for 
initial droplet velocities (0.5–1.1 m/s) from Figure 2  
and conducted a linear fit, as shown in Figure 3. 
Establishing this correlation is essential for developing the 
parameterized droplet dispensing method during acoustic 
droplet bioprinting. Based on these linear correlations, we 
predicted the input power corresponding to seven specific 
velocities by measuring the liquid properties of bioinks in 
advance. Furthermore, by refitting the linear correlations 
using seven velocity points and their corresponding 
predicted input powers, the input power for other 
velocities (0–1.1 m/s) can be determined under the given 
experimental system. 

3.2. Verification of parameterized droplet 
dispensing method 
To verify the accuracy of the parameterized droplet 
dispensing method, three test reagents were used: G (5% 
GelMA with 1.12 × 106 microspheres [20 μm]/mL), H 
(7.5% GelMA with 1.81 × 105 microspheres [10 μm]/mL), 
and I (7.5% GelMA with 1.81 × 107 microspheres [10 μm]/
mL). The σv of the three reagents were measured as 303.51, 
697.82, and 934.23 cSt⋅mN/m, respectively. Incorporating 
these liquid properties into the linear correlations shown 
in Figure 3, the required input power for specific initial 
velocities could be calculated. Using the calculated input 
power to eject droplets, the resulting initial droplet 
velocities closely matched the preset values, as shown by 
the black square in Figure 4.

To evaluate the predictive accuracy of the required input 
power at other velocities, droplet excitation experiments 
were conducted by randomly selecting six sets of input 
power. As shown by the blue square in Figure 4, the 
experimentally obtained average droplet initial velocities 
coincide perfectly with the preset values based on the linear 

fitting equation. The maximum relative error of velocities 
remained below 6.7%. This error primarily arises from 
inaccuracies in measuring surface tension and viscosity, 
temperature control deviations, and systematic errors.

3.3. Effect of droplet overlap distance on line width
For a bioprinted object, discrete droplets must be placed at 
a specific overlap distance to form a continuous line, which 
is then stacked to construct a patterned structure.32 To 
ensure consistent bioprinting outcomes, we kept all other 
variables constant and specifically analyzed the influence 
of droplet overlap distance L on bioprinting quality after 
achieving controllable dispensing of multiple bioink 
droplets. L is defined as the center-to-center spacing of 
the droplets, or the step length of the stage movement. The 
bioprinting quality was evaluated by analyzing the CV of 
the line width. The steps for extracting line width and its 
CV are detailed below: 

	 (i)	 A CCD camera (Model 1600, PCO AG, Germany) 
was installed on an inverted fluorescence microscope 
(Axio Observer A1, Zeiss, Germany) to capture 
fluorescent images of the printed structures following 
ultraviolet (UV) curing.

	(ii)	 Image processing algorithms were applied to 
outline the edge contours of the fluorescent images, 
identifying the center points.

	(iii)	 The center point was designated as the origin, and 
all line width values within the x-coordinate range of  
–L/2 × (n – 1) to L/2 × (n – 1) were extracted through 
100 sampling points, where n represents the number 
of printed droplets.

	(iv)	 Their mean and SD were computed, and the CV of the 
line widths was used as the final evaluation metric.

The experimental medium used for droplet printing 
was 5% GelMA with 1.81 × 106 microspheres (10 μm)/
mL. The input power was set to 3.33 mW, resulting in an 
initial droplet velocity of 0.60 m/s and a droplet diameter 
of 385 μm. The spreading diameter Ds of the droplet onto 
the substrate surface was 660 µm. 

To analyze the effect of L on line width, it is necessary 
to achieve coordinated control between the droplet-excited 
setup and the displacement platform. The displacement 
platform was purchased from Zolix Instruments Co., Ltd. 
(uKSA 100). It has a travel range of 100 μm along the x-axis 
and 50 μm along the y-axis, with a repeatability positioning 
accuracy of ±2 μm. While the transducer remained 
stationary, the substrate was translated along the x-axis at a 
speed of 10 mm/s with a delay time of 0.5 s and a motion of 
L mm. When the program was started, the transducer was 
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triggered, with a time interval of 0.558 s between single 
pulses. Once the target substrate was positioned within 0.5 
s based on the specific L, the second droplet collided and 
coalesced with the already printed one.

During the droplet collision, the surface tension 
promotes coalescence, and the viscosity resists shearing 
motion.33,34 When the overlap distance L is small, the 
droplets have a larger contact area. Due to the initial 
kinetic energy of the upward flying droplets, the axial 
momentum during droplet collision is converted into 
radial momentum, causing the coalesced droplets to 
undergo expansion and enlargement along the center 
point. Under these printing conditions, the average line 
width will be relatively larger. As the L increases, the 
contact area between droplets decreases, leading to a more 
uniform distribution of material in the junction area and 
thereby smoothing the boundaries. When the L continues 
to increase, the connection gradually becomes concave, 
assuming a wavy shape, and the average line width 
decreases. The blue fluorescence images in Figure 5 show 
printing outcomes at different overlap distances.

As shown in Figure 5A, when the overlap distance was 
0.50 mm ≤ L ≤ 0.66 mm, the line boundaries were smooth, 
and the SD of the line width was minimized, with all CVs 
being less than 1%. Binary-droplet printing is a building 
block for forming continuous lines. During multi-droplet 

printing, collisions and coalescence among droplets occur 
more frequently. The increased complexity of internal fluid 
dynamics in this process requires more precise control over 
the overlap distances between droplets to achieve smooth 
boundaries. To assess the suitability of the selected range of 
overlap distances for multi-droplet printing, we conducted 
continuous printing experiments using 5 and 10 droplets. 

For the continuous printing of five droplets, the 
CV of the line width was less than 1% only within 
the overlap distance of 0.50 mm ≤ L ≤ 0.60 mm. In 
addition, it was verified that this overlap distance 
also applies to the continuous printing of 10 droplets, 
with no further reduction in the corresponding range  
(Figure 5B). Therefore, for multi-droplet printing, the 
range of 0.56–0.60 mm is considered the optimal selection. 
The optimal L results from the interplay of droplet size, 
impact velocity, liquid properties, and substrate wettability, 
which collectively regulate the balance between inertial 
spreading, capillary coalescence, and viscous dissipation 
under the present experimental conditions.

To extend printing parameters to a broader range of 
reagent compatibility, this study introduced the collision 
parameter P to normalize the collision overlap distance, 
enhancing parameter adaptability. P is given by the 
ratio L/Ds. The optimal overlap distance is 0.56–0.60 
mm, corresponding to a collision parameter range of  

Figure 4. Correlation between input power and the product σv at specific initial velocities. Each experimental data point was obtained by averaging five 
repeated measurements.
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Figure 5. Correlation between droplet overlap distance and line width for (A) five-droplet and (B) 10-droplet printing. The inset graphs represent the 
coefficients of variation of line width under different droplet overlap distances. The inset blue fluorescent images indicate the printing effect under different 
droplet overlap distances (scale bars: [A] 200 µm, [B] 500 µm; magnifications: [A] 5×, [B] 5×). Each experimental data point was obtained by averaging 
five repeated measurements.

Table 2. Printing results of different bioinks

Reagent Spreading diameter Ds (μm) Collision parameter P Average line width (μm) Standard deviation Coefficient of variation (%)

B 678 0.86 1462.35 9.87 0.67

F 634 0.88 1446.83 10.12 0.70

https://doi.org/10.36922/IJB025470490
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0.85 ≤ P ≤ 0.91. Next, the 10-droplet continuous printing 
experiment was conducted using reagents B and F to 
validate the applicability of the optimal L across different 
bioinks. Using the parameterized droplet dispensing 
method, the input power required to reach an initial 
velocity of 0.60 m/s was first determined as 3.24 and 3.77 
mW for reagents B and F, respectively. 

As shown in Table 2, the spreading diameters of the 
two bioinks, B and F, were 678 and 634 µm, respectively. 
Within the range of 0.85 ≤ P ≤ 0.91, a set of parameters was 
selected for the 10-droplet continuous printing experiment. 
The results demonstrate that the line width’s CV for both 
bioinks remained within 1%. Thus, the collision parameter 
range determined in this study not only accommodates 
various bioinks but also aids researchers in achieving 
smooth line printing more rapidly.

3.4. Effect of droplet characteristic parameters on 
bioprinting quality
In the process of 3D bioprinting, the characteristic 
parameters of droplets, such as velocity and volume, are 
also crucial to the interactions at the collision interface 
and the formation of the desired final pattern. The We is 
dimensionless, calculated as the ratio of inertial force to 
surface tension force. Using the We, we can normalize the 
effects of droplet velocity and volume, allowing for a more 
direct comparison of different printing conditions and the 
resulting print quality.

	 We =
ρv R
σ

2 2
0 � (1)

where v and R0 are the collision velocity and radius 
of the flying droplet, respectively, and ρ and σ are the 
density and surface tension of the droplets, respectively. 
The collision velocity of the droplet can be automatically 
extracted according to its initial velocity and flight 
height (0.5 cm). According to the experimental results 
in Section 3.3, as the droplet number increased to 10 
or more, the resulting line width stabilized, showing no 
significant increase. Therefore, the subsequent analysis 
was confined to the line width resulting from the printing 
of 10 droplets. Under the 0.85 ≤ P ≤ 0.91v, the experiment 
achieved droplet printing under varying collision Wes 
by adjusting the input power. According to previous 
experimental results, it was found that higher input 
power leads to increased droplet ejection and collision 
velocities, and decreased droplet volume.

As shown in Figure 6A, for continuous 10-droplet 
printing, the line width decreased linearly as the We 
increased. This is mainly attributed to the reduction in 

droplet volume and its spreading diameter. The line widths’ 
CVs were less than 1% for the three overlap distances. 
The results indicate that the collision parameter range 
established in Section 3.3 is equally applicable under 
varying Wes. On the other hand, according to the linear 
equation in Figure 6, it is possible to achieve controllable 
printing of specific line widths within the We range of 
stable droplet excitation. 

However, when reagents were changed or ultrasonic 
transducers with different frequencies were used, resulting 
in variations in droplet size, achieving consistent printing 
of specific line widths becomes challenging. This is because 
the We exhibits low sensitivity to changes in droplet 
diameter and does not account for viscosity effects.

The Oh integrates viscosity, surface tension, and droplet 
size, offering a more comprehensive view of the droplet’s 
resistance to deformation and spreading. The subsequent 
analysis was focused on the impact of the Oh on line width.

	 Oh = μ
ρ R2 0σ

� (2)

Figure 7 shows a strong linear correlation between the 
Oh and line width. 

By analyzing the effects of input power and droplet 
characteristic parameters in Section 3.2, as well as the 
influence of the L, We, and Oh numbers on line width, a 
direct correlation between input power and line width can 
be established. However, the current method for predicting 
line width is limited to a single reagent. To extend this 
method to other reagents, a preliminary 10-droplet 
printing experiment should first be conducted at a fixed 
L to establish the corresponding relationships between the 
We, Oh, and line width. Based on these correlations and 
the parameterized droplet dispensing method, printing 
with a targeted line width can then be achieved predictably. 

3.5. Patterned hydrogel mesh printing
In this section, we leveraged the optimal parameter 
combination established in previous research to print a 
patterned hydrogel mesh structure designed for cell culture, 
thereby validating the effectiveness of the previously 
proposed printing control strategy.

The mesh structure mimics a basic scaffold, offering a 
porous framework that resembles the extracellular matrix 
in tissues.35 This allows researchers to verify whether the 
printed structure can provide sufficient mechanical support 
and a suitable environment for cell adhesion and growth, 
key prerequisites for tissue engineering applications. The 
mesh, typically a simple crisscross pattern of intersecting 
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Figure 6. Quantitative evaluation of the influence of Weber number (We) on printing performance and stability. (A) Correlation between line width and 
We. (B) Repetitive experiments for the maximum and minimum We at the optimal droplet overlap distance. Each experimental data point was obtained 
by averaging five repeated measurements.
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lines, along with evenly spaced horizontal and vertical 
lines, provides a clear benchmark for measuring line width, 
consistency of spacing, and dimensional accuracy.

The experimental medium was 5% GelMA (with 
photoinitiator) mixed with 1.81×106 polystyrene 
microspheres (10 μm)/mL, printed using acoustic 
excitation at 4.05 mW, with an L of 0.60 mm. As shown in 
Figure 8A, the first printing path involved depositing four 
lines, along the x-axis, with a center-to-center spacing d1 of 
2.5 mm. After printing, the first layer was UV-cured (5–10 
s) to restrict liquid flow. Subsequently, the displacement 
platform was repositioned to the lower-left corner, and 
four lines were printed in the same manner along the y-axis 
with a center-to-center spacing d2 of 2.5 mm, constituting 
the second layer.

The printed result shown in Figure 8B revealed that 
the first layer exhibited uniform and smooth lines, yet the 
second layer showed ink droplet aggregation, resulting in 
uneven line width. This phenomenon is mainly caused by 
ink droplets contacting both the hydrophobic cured first 
layer and the hydrophilic substrate during the second-
layer printing process. The difference in wettability at the 
interface hinders normal droplet spreading at the junction, 
thus affecting the uniformity and smoothness of the 

second layer. An image processing approach was employed 
to detect the contours of each sub-mesh and fit minimum 
bounding rectangles, enabling the identification and 
measurement of the width and height of each sub-mesh. 
The results revealed that the lengths and widths of the nine 
sub-meshes exhibited poor consistency. 

To improve the uniformity of the second layer, 
the printing path was optimized by implementing an 
intermittent printing approach. The initial printing 
position was redefined by setting a point 0.60 mm above 
the original y-axis coordinates as the starting point for 
the second-layer printing, followed by the continuous 
deposition of three droplets with a droplet overlap distance 
L’ of 0.60 mm At an input power of 4.05 mW, employing 
the control method described in Section 3.3, the droplet 
initial velocity and collision velocity were calculated as 
0.87 and 0.78 m/s, respectively, with a measured droplet 
diameter of 377.25 μm. Therefore, with a We of 4.87, the 
theoretical line width was determined to be 1346.42 μm 
based on the formula presented in Figure 6A.

When the d1 was 2.5 mm, the dimensions of a single 
sub-mesh were 1.15 × 1.15 mm. Given that Lʹ < 1.15 
mm < 2Lʹ, the consecutive printing of three droplets 
can ensure the formation of side walls of the sub-mesh. 

Figure 7. Correlation between line width and Ohnesorge number. Each experimental data point was obtained by averaging five repeated measurements.
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Building on this foundation, by moving 2.5 mm along 
the x- and y-axes and sequentially printing the other 
eight sidewalls, the complete structure can be achieved. 
Following scheme optimization, the second-layer printing 
performance surpasses the results depicted in Figure 8B, 
exhibiting enhanced uniformity and smoothness in the 
overall structure, alongside a significant improvement in 
the consistency of mesh specifications (Figure 9). Next, five 
repeated printing experiments of the mesh structure were 
conducted, and the length and width of nine sub-meshes 
were extracted from each of the five experimental groups. 
Comparative analysis results revealed that the CV for both 
length and width in each group did not exceed 3%, with 
the relative error between measured and preset dimensions 
across all groups remaining below 6% (Table 3).

4. Conclusion
This study focused on addressing two fundamental 
challenges in acoustic droplet bioprinting: (i) poor 
consistency during multiple droplet generation, and (ii) 
low fidelity of printed structures under multi-parameter 

influences. To achieve controllable droplet excitation 
and obtain uniform linear structures, we first conducted 
experimental investigations to explore the correlation 
between the initial velocity of droplets and acoustic input 
power. By introducing a unified scaling parameter based on 
the product of surface tension and viscosity, a parameterized 
droplet dispensing method was established, allowing the 
prediction of the acoustic input power required to achieve 
specified droplet velocities for GelMA-based bioinks 
under the given acoustic configuration. The experimental 
validation results revealed that the relative errors between 
target droplet velocities and measured velocities using the 
selected excitation power, and the measured velocities 
were consistently less than 6.7%. Although this control 
strategy is not directly transferable to other acoustic 
systems without recalibration, the underlying theoretical 
scaling framework is general and can serve as a quantitative 
reference for efficient excitation parameter determination 
in future acoustic droplet printing studies.

Next, this study conducted a thorough analysis of the 
effects of droplet overlap distance (L), We, and Oh on line 

Figure 8. Schematic of the printing path for (A) the mesh scaffold structure and (B) photographs of the printed object.
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Table 3. Dimensional statistic of sub-mesh across five experimental conditions

Experimental condition Average length/width (mm) CV of length/width (%) Relative error (%)

1 1.18/1.10 1.94/1.87 2.41/−3.96

2 1.16/1.11 2.37/1.28 0.58/−3.09

3 1.11/1.12 1.58/1.41 −2.71/−2.61

4 1.15/1.11 2.29/1.69 0.19/−3.48

5 1.19/1.09 1.94/1.84 2.41/−5.51

Abbreviation: CV, coefficient of variation.

Figure 9. Schematic of improved printing path for (A) mesh scaffold and (B) photographs of the printed object.

width and smoothness, establishing a direct correlation 
between input power and line width. This enables the 
controlled printing of lines with specific widths and 
smooth boundaries. Based on the developed printing 
parameter control method, mesh structures with individual 
unit dimensions of 1.15 × 1.15 mm were printed. The 
consistency of length and width across nine sub-meshes 
was evaluated by fitting a minimum bounding rectangle. 
The CVs for the lengths and widths of the nine sub-mesh 
units did not exceed 3%, and the relative errors between 
the measured and preset dimensions were less than 6%. 

By integrating predictive droplet velocity control with 
optimized printing parameters, this work establishes a 
directly applicable parameter control strategy for acoustic 
droplet bioprinting. This strategy enables efficient selection 
of excitation and printing conditions, thereby improving 
printing efficiency while enhancing the fidelity and 

dimensional accuracy of printed structures. In addition, 
it provides a transferable methodological reference for 
extending acoustic droplet bioprinting to applications 
such as drug development, personalized medicine, and 
synthetic biology.
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