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Abstract

Metal additive manufacturing , as a key enabling technology for the integrated fabrication
of complex structures and personalized production, has demonstrated unique application value
in high-end fields such as aerospace, medical implants, and automotive manufacturing, and has
become a key driver of transformation in the global manufacturing industry. Traditional high-
energy beam-based AM technologies, represented by laser powder bed fusion, offer high-
precision fabrication of complex geometries; however, they rely on high-power lasers and
costly metal powders, resulting in substantial energy consumption and high production costs.
In addition, the large thermal input and rapid melting—solidification processes tend to induce
residual stresses, deformation, and metallurgical defects, thereby complicating mechanistic
understanding and process control, and ultimately limiting their broader engineering application.
In contrast, droplet-based metal AM employs metal wire as feedstock, which is melted into
liquid metal and deposited layer by layer via droplet-on-demand ejection. This approach
features low and precisely controllable thermal input, broad material adaptability, and reduced
cost and energy consumption. Nevertheless, existing pneumatic, piezoelectric, and
electromagnetic droplet-on-demand techniques suffer from low ejection frequency, limited
stability, and complex nozzle structures, which constrain their further development. Moreover,
no independently developed high-efficiency and stable droplet-on-demand technology with
technical performance comparable to or exceeding that of international counterparts has yet
been established in China.

This study proposes a novel high-precision and high-efficiency droplet-on-demand metal
ejection method based on the water hammer effect and applies it to metal additive
manufacturing . In this approach, piezoelectric actuation drives the nozzle to undergo axial
micron-scale reciprocating motion, generating a transient velocity discontinuity between the
molten metal inside the nozzle and the inner wall near the nozzle base. This, in turn, induces a
water-hammer-induced pressure pulse, enabling controlled droplet-on-demand ejection of
molten metal. The present work systematically investigates both the droplet ejection mechanism
and the deposition and forming mechanisms, with the main findings summarized as follows:

(1) A novel water-hammer-driven droplet-on-demand metal AM technique is proposed.
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Distinct from conventional droplet jetting methods that rely on external pressurization or
internal moving components, the proposed approach utilizes the active reciprocating motion of
the nozzle wall-serving as a dynamic fluid boundary-to generate transient water-hammer
pressure. This enables non-contact energy input into the molten metal at the orifice and achieves
precise droplet-on-demand ejection. The method can stably produce droplets with diameters
ranging from 60 to 500 um, with achievable ejection frequencies exceeding those of existing
techniques. Based on the dynamic characteristics of the nozzle system, the technique is further
classified into two modes: damping-induced free vibration and forced vibration-driven droplet-
on-demand ejection, which are suitable for high-precision and high-efficiency manufacturing,
respectively.

(2) A theoretical model of microscale boundary-driven water hammer was established,
revealing the coupling mechanism between boundary motion and pressure waves. The
quantitative mapping between nozzle micro-motion parameters and the resulting pressure pulse
waveform was elucidated, along with the propagation, reflection, and superposition behavior
of pressure waves within micron-scale channels. Furthermore, the coupled dynamics between
pressure waves and droplet ejection were clarified, uncovering the microscale processes
governing melt extrusion, liquid bridge breakup, and droplet formation. Quantitative analyses
were conducted to evaluate the effects of nozzle vibration amplitude, liquid column height,
excitation signal duration, and orifice diameter on the evolution of pressure pulses and droplet-
on-demand ejection behavior under the free vibration mode. The results indicate that increasing
the water-hammer-induced pressure pulse significantly enhances droplet ejection velocity,
accompanied by a corresponding increase in droplet volume.

(3) The high-frequency characteristics of forced vibration in the mechanical system were,
for the first time, exploited to further extend the frequency limit of water-hammer-driven
droplet-on-demand ejection. Stable metal droplet-on-demand ejection was achieved at
frequencies up to 5 kHz, significantly exceeding those of comparable domestic and
international technologies. The results demonstrate that forced vibration effectively suppresses
residual oscillations in the mechanical system, thereby enabling higher ejection frequencies
while substantially improving the stability of high-frequency droplet ejection.

(4) A systematic investigation was conducted on the hierarchical formation process from
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point to line, surface, and bulk structures under the free vibration droplet-on-demand mode. The
evolution of geometric morphology and forming quality across multiple scales was revealed,
and the regulatory mechanisms of process parameters on structural stability were elucidated.
Quantitative analyses were performed to assess the effects of overlap ratio, nozzle printing
speed, and substrate temperature on single-droplet deposition, single-track formation, multi-
track single-layer deposition, and multi-layer three-dimensional fabrication. The results show
that optimizing the overlap ratio and printing speed improves inter-track continuity and surface
quality, while increasing substrate temperature promotes droplet spreading and interlayer
bonding, thereby enabling dense and stable three-dimensional structures.

(5) Heat transfer models for single-track and three-dimensional droplet-on-demand
fabrication under forced vibration were established. Through a combination of experimental
investigation and numerical simulation, the evolution of heat transfer and thermal accumulation
during the forming process was revealed, and the regulatory mechanisms of process parameters
on thermal behavior and forming quality were elucidated. Quantitative analyses were
performed to evaluate the effects of substrate temperature, printing speed, and jetting frequency
on thermal input and part quality. The results demonstrate that the ratio of thermal to mass input
in the molten pool is a key factor governing forming performance. Increasing substrate
temperature and jetting frequency elevates the molten pool temperature and promotes complete
droplet fusion, thereby enhancing the mechanical properties of the fabricated parts.

(6) Aluminum-silicon alloy was employed as the feedstock to conduct water-hammer-
driven droplet-on-demand ejection and fabrication experiments. The influence of process
parameters on forming uniformity and interlayer bonding quality was systematically
investigated. Quantitative analyses were carried out to assess the effects of printing frequency
and printing speed on forming stability. The results indicate that increasing printing frequency
or reducing printing speed significantly improves forming uniformity and interlayer
metallurgical bonding. The proposed method enables stable droplet-on-demand ejection of low-
density, high-melting-point metals, and the fabricated parts exhibit favorable mechanical
properties and high process stability, demonstrating strong potential for low-cost, high-
performance manufacturing applications.

This study systematically investigates water-hammer-driven droplet-on-demand metal
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additive manufacturing through integrated theoretical analysis and process-level
experimentation, establishing a comprehensive understanding of the underlying mechanisms
and a coherent methodological framework. The present work provides a solid theoretical and
technical foundation for the further development and engineering application of this technology.

Key words: Water-hammer effect; Metal additive manufacturing; On-demand metal

droplet jetting; Droplet deposition; Numerical simulation
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