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Abstract: The primary determinant of microfluidic chip performance is the surface quality of the micro-tapered holes. Due to
the small scale of these holes and the high hardness of the surface attachments, the commonly used abrasive jet polishing
method can encounter difficulties. Therefore, we propose a novel active multiphase field material removal technique. This
technique is based on piezoelectric ultrasonically coupled abrasive particle flow. To study the connection between the impulse
properties of the flow field and the micro-tapered hole’s asymptotic expansion—contraction process, a multiphase hybrid fluid
dynamics model is established. Simultaneously, we investigate the process of abrasive—wall contact during the cycles of expansion
and contraction, revealing the effects of erosion and polishing on different areas of the hole surface. To achieve accurate regulation
of a desired polishing area, a quantitative relationship between the vibrational properties of piezoelectric ceramics and the
erosional effect of micro-tapered holes is established. Finally, an experimental platform for micro-tapered hole polishing is built
to validate the method.

Key words: Abrasive flow finishing; Micro-tapered holes; Piezoelectric ultrasonic coupling-based polishing; Surface quality;
Polishing efficiency

1 Introduction

Microfluidic chips are commonly used in phar-
maceutical and chemical engineering to precisely man-
age fluids at a mesoscale level. They are utilized for
tasks such as analyzing and detecting samples, deliv-
ering drugs, and releasing drugs in a controlled man-
ner (Ramshani et al., 2019; Gao et al., 2023; Li et al.,
2023a; Ma et al., 2023). Micro-tapered holes are the
main locations where mesoscale fluids undergo mix-
ing, reaction, and separation (Nakamura et al., 2020;
Zhang et al., 2022; Wu et al., 2024b); moreover, they

B4 Lin LI, linli@zjut.edu.cn
Dapeng TAN, tandapeng@zjut.edu.cn
Lin LI, https://orcid.org/0000-0002-3308-7857
Dapeng TAN, https://orcid.org/0000-0002-6018-9648

Received July 3, 2024; Revision accepted Aug. 17, 2024;
Crosschecked Nov. 13, 2025; Online first Dec. 17, 2025

© Zhejiang University Press 2025

constitute the main structures of microfluidic chips.
The surface quality of micro-tapered holes directly in-
fluences flow properties, mixing effects, and analyt-
ical sensitivities of mesoscopic fluids (Tadaki et al.,
2017; Chen et al., 2020; Gao et al., 2020; Li L et al.,
2022, 2024a; Liu et al., 2024). Therefore, refining
the structure of micro-tapered holes is crucial for con-
trolling mesoscale flow patterns within microfluidic
chips. For example, atomizers in medical devices uti-
lize metal sheets with clusters of micro-tapered holes
to produce atomization. The roughness of the inner
wall of these holes impacts the size of the conical
holes, which in turn affects the size of the atomized
particles (Li et al., 2020; Yan et al., 2021; Ge et al.,
2024). Valveless piezoelectric micropumps in micro-
fluidic chips exploit disparities in flow resistance be-
tween conical holes to generate differential fluid flow
in a specific direction. In this case, the surface rough-
ness of the inner walls of the conical holes can impact
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the rate of flow (Li K et al., 2022; Wang et al., 2023;
Guo et al., 2024).

Micro and nano-micro cone holes are usually
created through laser processing (Shin et al., 2020; Ji
et al.,, 2024; Sun et al., 2024; Xu WX et al., 2025),
and the characteristics of the holes are influenced by
the processing procedure and heat. The walls of the
resulting holes generally contain a re-solidified layer
with a stepped-ring pattern, and are coated with black
metal oxides due to the laser sintering, as depicted in
Fig. 1. The irregular micro-tapered hole wall greatly
increases the difficulty of material removal uniformity
control. Energy spectrometers can be used to investi-
gate ferrous metal oxides that stick to the hole walls,
such as Cr,0, and FeCr,0O, (Yang et al., 2024; Lin
et al., 2025b). These oxides are often tough and tightly
attached, making it difficult to polish the sidewall
surfaces.

Micro-tapered hole su
morphology

rface

Fig. 1 Principle of laser processing of micro-tapered holes
and their surface morphology

Present research on the polishing of micro-
tapered holes often involves using ion beam polishing
techniques (Xiao et al., 2021), electrochemical dis-
charge microporous polishing (ECDM) (Zhang et al.,
2020), and abrasive jet polishing (AJP) (Kowsari et al.,
2014; Kim et al., 2020; Tan et al., 2023). Each of these
approaches possesses distinct advantages and can yield
superior surface quality depending on the specific sub-
ject to be polished. However, they also have limita-
tions in their respective applications. The ion beam
polishing technique involves directing a stream of
ion beams towards the surface of a component, result-
ing in a sputtering effect that removes material (Deng
et al., 2020; Peng et al., 2021). This helps achieve
higher surface quality in desired micro-regions (Deng
et al., 2019; Xiao et al., 2021). Nevertheless, the

effectiveness of ion beam polishing for removing ma-
terial is somewhat limited, and having precise control
over the taper of tapered holes is challenging. Elec-
trochemical discharge machining is a technique that
utilizes electrical spark discharges to produce heat,
which enables etching into the surface material of an
object (Zhang et al., 2020). This method achieves pol-
ishing precision at the micron level and has found ex-
tensive application in the drilling of hard and brittle
materials, like glass and ceramics. However, during the
polishing of micro-tapered holes, the inner wall dis-
charge can lead to heat-affected zones on the inner
wall surface. Furthermore, difficulties in maintaining
a continuous flow of electrolyte can lead to intermit-
tent discharge, making it more challenging to achieve
accurate depths and dimensions of small holes.

AJP is a fluid-based method that uses high-energy
abrasives to erode and process materials (Kowsari
et al., 2014; Li et al., 2021a, 2021b; Tan et al., 2023).
This method has great flexibility and does not lead to
heat-affected zones. The technique is commonly em-
ployed for microstructural and surface-polishing treat-
ment of hard and brittle materials, such as ceramics,
glass, and stainless steel, which are challenging to
machine (Tong and Li, 2024; Zhang et al., 2024; Lin
et al., 2025a). The AJP method utilizes a polishing
medium consisting of fluid with micron-sized abra-
sive particles. This medium establishes effective con-
tact with the target surface, enabling polishing through
collisions between the abrasive particles and the sur-
face. This method of contact has the ability to address
challenges related to microstructure polishing, and
also leads to better polishing uniformity. Shanu et al.
(2024) reviewed the polishing of micro-scale hard-
ened materials using the AJP technique, considering
various abrasive characteristics. Their study revealed
that the abrasive hardness and fracture toughness of
the materials comprising the walls of micro-tapered
holes are crucial parameters that influence AJP perfor-
mance. Specifically, superior micromachining results
are obtained when the abrasive hardness surpasses the
hardness of the micro-tapered hole materials, such as
boron nitride and artificial diamond, in comparison to
the materials forming the walls of the micro-tapered
holes. Painuly et al. (2023) examined the mechanism
by which microchannels on high-pressure abrasive
jet-polished 6061-T6 aluminum plates undergo sur-
face evolution. Their goal was to uncover the correla-
tion between the polishing effects and the size of the



stagnation zone, the behavior of bouncing abrasive
grains, and the localized impact angle and velocity of
abrasive grains. In another study, Feng et al. (2023)
developed a novel technique called multiphase jet
polishing to internally polish heat exchanger pipes
with intricate designs. They discovered that the abra-
sive jets displayed selective removal of spherical pro-
trusions on the inner surface of the pipes. This dem-
onstrates the advantages of AJP in refining the interi-
or surface of pipes with intricate configurations. The
aforementioned investigations show how AJP can pre-
vent additional harm to the side wall surface of micro-
tapered holes, and can manipulate fluid parameters to
achieve targeted polishing in desired regions. How-
ever, the standard AJP approach is not efficient at re-
moving materials.

Ultrasonic assistance is a widely used technique
that enhances the energy in a fluid (Kumar et al.,
2021; Li L et al., 2024b, 2024c; Fu et al., 2025). By
ultrasonically boosting a polishing fluid’s kinetic en-
ergy within a microstructure, improved polishing eff-
iciency can be achieved for micro-tapered holes in hard
and brittle materials (Subramani et al., 2022; Li ZA
et al., 2024; Yin et al., 2024). Qi et al. (2021) intro-
duced an ultrasonic vibration-assisted AJP technique
for treating micropores in K9 glass. Their study showed
that ultrasound-assisted AJP technology can success-
fully control the path of abrasive particles, increase
the frequency and intensity of collisions between the
abrasive particles and the wall, and consequently im-
prove the rate at which material is removed in the
micro-structured flow field. Additionally, Ge et al.
(2023) introduced a rapid polishing technique for glass
microchannels using an ultrasonically coupled AJP
method. Their findings demonstrated that ultrasonic
vibration could enhance the turbulent kinetic energy
and shock erosion of a mesoscale flow field. This ef-
fect is crucial for maintaining the stability of the jet
and improving the efficiency of the polishing pro-
cess. Moreover, Zhao et al. (2020) introduced a micro-
millimeter-scale ultrasonic cavitation AJP technique
for small and intricate optical surfaces. They discov-
ered that ultrasonic cavitation can enhance the mate-
rial removal rate by 380% while maintaining the same
surface roughness.

Nevertheless, if the diameter of the micro-tapered
holes is smaller than 10 pm (significantly smaller
than the natural diameter through which fluid flows),
it becomes challenging for high-energy fluids to pass
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through the pores rapidly (Fettiplace and Haydon,
1980; Chen et al., 2023; Li Z et al., 2024). The micro-
fluidic chip contains a highly concentrated arrange-
ment of micro-tapered holes, making it unfeasible to
supply micro-pumps for each individual pore. Hence,
to address polishing challenges for mesoscopic-scale
micro-tapered holes, a novel method called active mul-
tiphase field material removal has been suggested. The
method polishes micro-tapered holes through the pie-
zoelectric ultrasonic coupled abrasive flow polishing
(PU-AP). The operation principle of a valveless piezo-
electric micropump (Tan et al., 2019, 2020; Lu et al.,
2020; Shan et al., 2022) is employed to facilitate this
process. The PU-AP process involves the periodic vi-
bration of piezoelectric ceramics, causing the volume
of the inner cavity of the micro-tapered hole to undergo
a cyclic transformation. This leads to a strong cou-
pling between the abrasive grain flow and the micro-
tapered hole cavity, as caused by differential pressure.
As a result, the inner wall surface of the micro- and
nano-scale tapered holes experiences a pulsed impact,
enhancing the turbulence intensity of the internal flow
field through the micro-tapered hole and improving
polishing efficiency.

In this study, we establish a fluid dynamics model
that involves multiple phases and a mixture, based on
PU-AP. This model allows us to understand the pol-
ishing principle of PU-AP and the formation mech-
anism of pulsed flow fields. By considering the wall
boundary conditions, we can determine the trajectory
of abrasive grains and the erosion effect on the wall
surface of micro-tapered holes. This enables us to ac-
tively adjust the specific polishing area on the wall
surface of these holes. Using the principles of PU-AP,
we also developed equipment for better polishing of
micro-tapered holes. To validate the effectiveness of
our method, we used a 3D measuring laser micro-
scope to obtain surface morphology and roughness
measurements of the holes at different time points.

2 PU-AP theoretical model
2.1 Fluid mechanical model for PU-AP

During the process of the PU-AP, the abrasive par-
ticles within the flow field inside the micro-tapered
holes collide with the wall in a pulsating fashion, due
to the influence of ultrasound. Examining the prop-
erties of the flow field within a micro-tapered hole
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requires considering the validity of the fluid continu-
ity assumptions, vortex forms, and dissipation effects
at the micro- and nano-scales (Li L et al., 2021b; Tan
et al., 2024; Yan et al., 2024). Experiments have con-
firmed that pipes on the scale of micrometers and larger
are still describable by traditional hydrodynamic theory
(Li and Zheng, 2014). The micro-tapered holes in this
study have a minimum size at the micron level, mak-
ing the classical hydrodynamic theory applicable. Fur-
thermore, the movement of the abrasive particles within
the small tapered holes creates turbulence in specific
areas, due to the interaction between piezoelectric and
ultrasonic forces (O’Neill and Mudawar, 2020; Turky-
ilmazoglu and Alofi, 2024; Zheng et al., 2024). Ana-
lyzing the PU-AP hydrodynamic model reveals that
the fluid flow inside the micro-tapered hole exhibits
cyclonic flow and experiences substantial fluctuations
in pressure gradient. The &-¢ turbulence model, when
applied to the analysis of large time-averaged strains,
meets Reynolds stress constraints; therefore, with this
model, we can ensure that the flow accurately adheres
to the fundamental laws of turbulence. Furthermore,
the model integrates curvature- and vorticity-related
terms into the turbulent viscosity calculation, with ad-
justments to the dissipation rate equation based on the
vorticity fluctuation equation. This enhancement en-
ables the model to more precisely capture the physical
dynamics of cyclic expansion and contraction during
the micro-tapered hole polishing process, particularly
in the context of rotating flow fields, boundary layers,
and flow separation. Consequently, the k-& model is
well-suited for describing the turbulent kinetic energy
of abrasive flows (Li et al., 2017; Wu et al., 2024a).
Its formulation is as follows:
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where p is the fluid density, £ is the turbulent kinetic
energy, ¢ is the time variable, v is the fluid velocity, x,
and x; are the coordinate components, x is the molecu-
lar viscosity, x, is the turbulent viscosity coefficient,

¢ is the dissipation rate, o, and o, are the Planck’s
numbers of & and &, respectively, G, is the buoyancy-
induced turbulent kinetic energy, G, is the turbulent
kinetic energy due to the mean velocity gradient, Y,
is the pulsating expansion terms in compressible tur-
bulence, E is the fluid strain, and v is the kinematic
viscosity. Other empirical parameters are as follows:

Clzmax(0.43, ;715) C,=19,0,=1.0,0,=1.2, 5=

[(2E;-E;) % is an intermediate variable, E, is the ve-

locity strain rate along the x,-direction, u,= pC, k’/e,

and C, is the empirical constant. This model is able
to adequately characterize the various flow features
inside the boundary layer as a function of velocity,
mean strain, coordinate rotational velocity, angular ve-
locity, and turbulence parameters. Considering the fea-
tures described above, the k-¢ model has great advan-
tages in describing the flow field of jets, boundary
layer fluids, and wall shear flows. The micro-tapered
hole fluid domain needs to satisfy a continuity condi-
tion where variables such as fluid velocity, pressure,
and density are quantities that are locally averaged in
each grid cell. Assuming that the polished fluid is in-
viscid and incompressible, the continuity equation and
momentum of each mesh can be described as (Xu P
et al., 2025; Zhang et al., 2025; Zheng et al., 2025b):

V.v=0, (3)
p@ +p(v-V)v=-VP+
o @

V- [u(Vv+Vv") ] +pg+F,

where P is the fluid pressure, g is the gravitational ac-
celeration, F is the average interaction force exerted
on the fluid by the particles in the mesh, and V is the
Hamiltonian operator.

2.2 Discrete unit model for the PU-AP model
(DPM)

The micro-tapered hole polishing procedure uti-
lizes high-frequency random impacts between abrasive
grains and the wall surface to effectively remove ma-
terial from the subject. The key to understanding the
polishing impact of PU-AP lies in analyzing the mo-
tion pattern of abrasive grains and the characteristics
of their collisions with the wall; this can be done by em-
ploying flow field parameters. We employ the enhanced



wall treatment (EWT) method due to the crucial role
of the near-wall flow in determining the impact veloc-
ity of the abrasive grains (Sheikholeslami et al., 2018;
Li et al., 2023b; Zheng et al., 2024). The significant
disparity in the sizes of the inlet and outlet diameters
of the micro-tapered holes, approximately tenfold, re-
sults in the accumulation of abrasive particles and sub-
sequent blockage of the flow channel. Consequently,
it is imperative to maintain an abrasive particle volume
fraction of less than 10%. In contrast to previous mod-
els for multiphase flow, the DPM has the capability to
accurately depict the path of each abrasive grain. The
equation governing the path of abrasive particles from
injection to escape can be expressed using Newton’s
second law:

dv

a _

TR E

m,p d(v—v,) 5.188map\/;d[j(v—va)
+
2p, dr
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24 o

2

1
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where m,, v,, p,, and d, are the mass of the abrasive
grain, velocity of the abrasive grain, density of the abra-
sive grain, and diameter of the abrasive grain, respec-
tively. Cy, is the drag coefficient, Re,= [v—v, Idp/v is
the grain-equivalent Reynolds number, and d, is the
deformation tensor. The first term is the drag force,
the second term is the gravitational force, the third term
is the virtual mass force, and the last term is the Saff-
man lift force. Also, due to the low concentration of
abrasive grains, the instantaneous fluctuation velocity
of the abrasive grain trajectory can be solved by the
discrete random wave (DRW) model (Mofakham and
Ahmadi, 2020; Yin et al., 2020; Wang CY et al., 2025).

Due to the inelastic nature of the collisions, a
portion of the kinetic energy of the abrasive particles
is used up when they bounce back from the wall. This
might result in unpredictable alterations to the path of
the particles. To accurately predict the overall path of
the abrasive particles, a coefficient of recovery is es-
tablished by considering the ratio of the particle’s re-
bound velocity to its initial velocity, as depicted in
Fig. 2. The coefficient of recovery is determined by the
material qualities of the rebound wall and the angle of
incidence of the particle, a. The energy dissipation of
abrasive grain—wall collisions in the PU-AP process
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Wall face

Tangent to virtual wall

Fig. 2 Abrasive grain—wall impact erosion process. y_ is
the normal deflection angle of the contact between the
particle and the rough wall surface

for SUS316L stainless steel can be solved using the
commonly used coefticient of recovery model (Grant
and Tabakoff, 1975; Forder et al., 1998; Li et al.,
2025a). This model can be expressed as:

e,= v, =0.998-0.78a+0.194" -
Vio (6)
0.024a° +0.0270",
e= LA 1-0.78a+0.840>-0.21a’ +
Vo (7

0.028a* —0.0220°,

where e, is the normal restitution coefficient, e, is the
tangential restitution coefficient, V, is the normal ve-
locity after the collision, V, is the tangential velocity
after the collision, V, is the normal velocity before the
collision, V,, is the tangential velocity before the colli-
sion, and a is the reflection angle of abrasive grains
hitting the surface of the workpiece, which can be used
to predict the impact erosion process caused by abra-
sive grain—wall interactions.

2.3 Abrasive grain—wall erosion model

PU-AP polishing utilizes the high-frequency sto-
chastic impacts of abrasive particles to achieve precise
polishing of micro-tapered hole walls. Consequently,
it is imperative to develop a corresponding abrasive—
wall erosion model to evaluate the erosion efficiency
and distribution characteristics of the wall under ultra-
sonic vibration coupling conditions. In this study, the
workpiece material is 316L stainless steel, which ex-
hibits plasticity, and the abrasive particles we employ
are angular-shaped. The Finnie model is predominantly
applicable to plastic materials and provides compre-
hensive predictions of material removal mass based
on the number of abrasive impacts, the incident veloc-
ity of the abrasives, and their incident angle relative
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to the material surface (Finnie, 1960, 1972; Tarodiya
and Levy, 2021). The advantages of the Finnie micro-
cutting model in analyzing material cutting wear pro-
cesses work synergistically with the PU-AP polishing
method. Thus, the Finnie micro-cutting model is suit-
able to act as the abrasive—wall erosion model. The
Finnie model can be mathematically represented as:

Er:kerzf(y)’ (8)

where £ is the erosion wear rate, k, is a model con-
stant, V, is the velocity of abrasive grain movement,
and f (y) is a dimensionless function of the angle of

impact, expressed as:

1 1
gcos A tany = 3

)= SO
sin(2y) —3sin’y, tany< 3

where the amount of surface wear on the micro-
tapered holes can be characterized as:

m.=ENm,. (10)
In Eq. (10), m, is the mass flow rate of abrasive

particles, and N, is the number of abrasive particles
hitting the wall of the micro-tapered hole.

3 PU-AP modeling methodology
3.1 Principle of PU-AP processing

Valveless piezoelectric micropumps induce vi-
brations in piezoelectric materials by applying an elec-
trical voltage, resulting in minute alterations in pres-
sure (Shan et al., 2022). To achieve a constant flow of
fluid, the difference in flow rate between the intake
and return flow of the major and minor diameters of
the chamber is combined. Hence, we draw inspiration
from the operational mechanism of the valveless piezo-
electric micropump and propose a micro-tapered hole
cleaning technique using PU-AP. Fig. 3a illustrates the
components of the PU-AP polishing system, which pri-
marily include piezoelectric ceramics, a transformer,
an inverter, a power supply, centrifugal stirring pad-
dles, stirring paddles, and a micro-tapered hole work-
piece. The piezoelectric ceramics are firmly attached

to the upper wall of the workpiece and induce high-
frequency vibrations in the micro-conical perforations.
The inner cavity of the micro-tapered hole undergoes
periodic variations in volume. The robust interconnec-
tion between the micro-cone surface and the abrasive
grain flow results in the formation of intermittent jets
within the flow field through the micro-tapered hole.
The maximum expansion of the micro-tapered hole
results in a significant water hammer effect. Simulta-
neously, the abrasive particles penetrate the fluid
boundary layer as a result of the disparity in inertia
between the abrasive particles and the fluid. The tur-
bulent and high-frequency collisions with the rough
wall surface significantly improve the efficiency and
effectiveness of the polishing process, as shown in
Fig. 3b. Transformers and frequency converters are
employed in this procedure to control the amplitude
and vibrational frequency in the piezoelectric ceram-
ics. The uninterrupted path of the abrasive particles
and the fluid flow enables dynamic control of the pol-
ishing location and effectiveness.

The primary benefits of this PU-AP polishing sys-
tem are: (1) Piezoelectric ceramics are used to achieve
high-frequency periodic changes in the volume of the
inner cavity of the micro-tapered hole. This overcomes
the limitation of the natural infiltration diameter of
the fluid and enables efficient polishing of micro- and
nano-scale flow paths. (2) By adjusting the vibrational
amplitude and frequency of the piezoelectric ceramics,
focused polishing of a specific area can be achieved.
This improves the uniformity of surface roughness on
the inner wall of the micro-tapered hole. Additionally,
the high turbulence of the internal flow field reduces
the occurrence of wall scratches and damage. (3) The
forceful collisions of abrasive particles against the wall
surface, as caused by the water hammer effect and
wall shrinking, will enhance the rate of polishing.

The PU-AP micro-tapered hole polishing process
achieves precise polishing at a micrometer to nanome-
ter scale by using high-frequency collisions between
abrasive grains and the inner wall surface, resulting in
micro-cutting of the wall surface material. Fig. 3c il-
lustrates the process, where material is removed dur-
ing each vibrational cycle of a micro-tapered hole.
During the initial vibration stage, a tiny quantity of
inert abrasive particles can be found at the bottom of
the micro-tapered hole. This is caused by infiltration
of the abrasive flow and the isobaric surface effect.
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Fig. 3 PU-AP polishing principle: (a) schematic diagram; (b) asymptotic expansion—contraction process; (c) abrasive

grain movement trajectory

As the wall expands, the fluid and abrasive particles
tend to collide heading towards the wall, due to the
differential pressure effect. However, the varying mass
forces between the liquid and the abrasive particles
result in distinct movement inclinations. At the point
where the volume of the micro-tapered hole cavity is
at its highest, the distance between the abrasive parti-
cle and the wall surface is also at a maximum. The di-
rection of the wall contraction is determined by the di-
rection of abrasive particle migration, leading to the
most substantial impact force. The effect of the abra-
sive wall can be separated into two components: a
perpendicular component and a parallel component,
which enhance each other. The vertical force compo-
nent can potentially inflict damage to the wall material
and diminish its adherence. On the other hand, the
parallel component can result in a micro-cutting im-
pact on the micro-peaks of the micro-tapered hole’s
wall surface. During the contraction process, the abra-
sive particles undergo lateral movement along the wall
surface of the micro-tapered hole due to the influence
of fluid. Meanwhile, because of the strong parallel
component of the impact force, the abrasive grains
will be expelled from the flow field along with the
leftover material from cutting.

3.2 Numerical model and boundary conditions

The expansion and contraction process of the
workpiece, which is caused by the reverse piezoelec-
tric effect of the piezoelectric module, is illustrated in
Figs. 4a and 4b. The restricting flow field refers to the
space between the micro-tapered holes. Prior to enter-
ing the restricted flow area, it is important to ensure

that the abrasive stream possesses adequate turbulent
kinetic energy and that the abrasive particles are evenly
dispersed within the fluid. This is necessary to achieve
uniform polishing on the surface of the workpiece.
With this in mind, we create a numerical model to
simulate the PU-AP polishing procedure for the ma-
chining of micro-tapered holes. The sidewall surfaces
of the micro-tapered holes in the flow field are de-
signed to simulate dynamic layers. These layers are
either added or removed based on the height of the
grid layer at the near-wall boundary. Based on the
piezoelectric ceramic ultrasonic vibration generation
mode, the vibrational displacement of the inner wall
surface follows a sinusoidal pattern. The frequency
converter and transformer are used in concert to ad-
just the wall’s vibration parameters, as illustrated in
Fig. 3b. The abrasive flow is considered to be the
flow of an incompressible and non-viscous fluid.

The geometric characteristics and boundary con-
ditions of the flow field inside the micro-tapered hole
are shown in Table 1. The main phase is composed of
liquid water, while the secondary phase consists of a
7% volume fraction of silica (SiO,) abrasive. Table 2
displays the specific characteristics of the fluid me-
dium. In order to decrease the computational com-
plexity, the energy equation is omitted, and the inner
wall surface of the micro-tapered hole is considered
as an adiabatic rigid body. Ultrasonic shaking of the
wall induces pressure variations in the restricted flow
field, resulting in highly nonlinear characteristics. To
prevent significant changes in fluid pressure, the pres-
sure staggering option (PRESTO!) (Li et al., 2023c,
2023d; Zheng et al., 2023a, 2023b) scheme utilizes a
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Fig. 4 Geometric model and constrained flow field for the PU-AP polishing method: (a) contraction process; (b) expansion
process; (c) overall morphology of the micro-tapered hole and the meshing configuration; (d) outlet section and the grid
cross-sectional view of micro-tapered hole. L : height; L,: outlet radius; L,: inlet radius

Table 1 Geometric parameters and boundary conditions

Table 2 Physical parameters for the abrasive flow

of the constraint module Parameter Value
Item Description Water density (kg/m®) 998
Inlet Velocity-inlet boundary Water viscosity (Pa-s) 0.00103
conditions Si0, density (kg/m®) 2200
Outlet Free outflow boundary SiO, diameter (um) 0.06
conditions Si0O, volume fraction (%) 7
Wall No-slip wall boundary Inlet velocity (m/s) 1x107°°
conditions Hydraulic diameter (um) 5.13
Zone Si0O,, water Main channel turbulence intensity (%) 5
Ultrasonic frequency, f (kHz) 50, 75, 100, 150 Gravity acceleration (m/s”) 9.81

Vibration amplitude (um) 1.95,2.44,3.05, 3.81

Workpiece SUS316L
Height, L, (um) 30
Outlet radius, L, (um) 2
Inlet radius, L, (um) 15
Reference pressure (Pa) 1.01x10°

preloaded staggered pattern. Furthermore, a semi-
implicit method is employed to solve the intercon-
nected pressure—velocity problem by considering the
pressure—link equation. The momentum, turbulent ki-
netic energy, and turbulent dissipation rate are dis-
cretized using a windward format with second-order
accuracy.

An appropriate meshing strategy is critical for
achieving stability and accuracy of numerical simu-
lations (Li QH et al., 2024; Wang T et al., 2025). The
overall morphology of the micro-tapered hole and the
meshing configuration are shown in Fig. 4c, with a
hexahedral mesh employed for the flow field within
the micro-tapered hole. Given the importance of the
flow field’s distribution characteristics and the abra-
sive particle trajectories, a sufficiently refined bound-
ary layer mesh near the wall region is imperative (Li
et al., 2025b; Zheng et al., 2025a). To enhance observ-
ability, a specific cross-section was selected for exam-
ination, as illustrated in Fig. 4d. Moreover, to ensure



that both discretization errors and rounding errors re-
mained low, and to meet the accuracy and reproduc-
ibility requirements of the simulation results, a mesh in-
dependence study was conducted as depicted in Fig. 5.
This study revealed that the pressure and time simu-
lation results across five different mesh quantities ex-
hibited similar trends, with the sampling curves for N=
298690 and 382399 showing particularly strong agree-
ment in the negative pressure trend. However, at lower
mesh densities (N=111964, 167962, and 208185), the
sampling curves diverge in terms of negative pressure.
To ensure the accuracy of the numerical simulation
results and to strike a balance between computational
precision and time efficiency, a mesh count of 298690
was chosen.

0.10
— N=111964 — — N=167962

— - — N=298690 ~— --- N=382399

- - - N=208185

0.05 |

0.00

-0.05

-0.10

Pressure (MPa)

-0.15

-0.20

-0.25 L L L
0.00 0.01 0.02 0.03 0.04

Time (ms)

Fig. 5 Grid-unrelated validation (pressure—time distribution
plots at multiple points)

4 Numerical simulation results

4.1 Evolutionary mechanism of PU-AP expansion
and contraction

During the expansion and contraction of the PU-
AP, the rapid fluctuations in the volume of the inter-
nal flow field result in elevated pressure and turbulent
features. In order to predict the wall polishing effects,
it is essential to examine the flow field characteristics
of the inner wall surface. Fig. 6a displays the pressure
distribution on the inner wall surface during the ex-
pansion and contraction cycle in a 3D graphic. The
flow field within the micro-tapered holes in the circu-
lar platform bus demonstrates a consistent change pat-
tern. Near the exit, where the cross-sectional area is
small, the deformation amplitude of the workpiece in
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this region remains relatively stable during the expan-
sion process, leading to a negligible change in internal
pressure.

Fig. 6b illustrates the fluctuations in pressure that
occur during the expansion and contraction cycles. Dur-
ing each cycle, the overall similarity in the pattern of
pressure change can be described by six distinct points.
In Fig. 6b, Point 1 marks the initial stage of progres-
sive expansion, characterized by a rapid oscillation and
expansion of the volume of the micro-tapered hole.
This stage also exhibits the steepest slope of pressure
drop. Over time, the micro-tapered hole reaches its
maximum volume at Point 2, with the maximum neg-
ative pressure inside it being lower than —0.2 MPa.
Afterwards, the rate of volume change progressively
reduces, and the volume of the micro-tapered hole
achieves a state of equilibrium (similar to the initial
condition) at Point 3, where the pressure varies slightly
around 0 MPa.

At the onset of the contraction phase at Point 4,
there is no negative pressure area. Nevertheless, fol-
lowing the start of contraction, the rate of pressure al-
teration reaches a maximum, and the volume within
the micro-tapered hole also attains equilibrium. Cur-
rently, the highest value of the maximum positive
pressure is around 0.02 MPa, as indicated at Point 5.
During the subsequent phase, the micro-tapered holes
experience rapid compression, causing the internal
pressure to surpass atmospheric pressure and vibrate
vigorously, until the micro-tapered holes reach an ex-
treme level of compression as indicated at Point 6.
Right after this, an analogous cycle of growth and
contraction begins. During the expansion and contrac-
tion cycle, the negative pressure generated during gra-
dual expansion is greater than the positive pressure
generated during gradual contraction. This is because
of the varying flow resistance characteristics at the
two ends of the micro-tapered hole. This leads to a
one-way pumping effect inside the micro-tapered hole,
allowing for the creation of controlled fluid flow in a
specific direction. This flow acts as a driving force for
the polishing of the inner wall of the micro-tapered
hole.

In order to analyze the flow field features within
the micro-tapered hole during expansion and contrac-
tion cycles, we conducted separate studies on the flow
pattern alterations at six distinct sites. Observing the
changes in the flow field inside the micro-tapered hole
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from the cloud diagrams is challenging, since the work-
piece wall deformation is small.

At Point 1, the fluid within the conical cavity
moves along the flow lines, flowing from the wider
opening to the narrower opening. As the fluid reaches
the constricted opening, the pressure diminishes as the
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velocity of flow intensifies, as shown in Fig. 7a. Due
to the significant rise in negative pressure within the
micro-tapered hole during asymptotic expansion, the
fluid is swiftly drawn in from both sides of the hole. At
Point 2, the negative pressure at the wider opening of
the micro-tapered hole is higher than at the narrower
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Fig. 6 Cyclical pressure variation curve on the wall surface of a micro-tapered hole: (a) first-cycle time—length—pressure
3D curve; (b) intermediate characteristic point pressure change rule
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opening, with the negative pressure near the wall
slightly surpassing that near the center. This results in
the fluid within the hole beginning a rotational flow, as
shown in Fig. 7b. At this point, the micro-tapered hole
experiences a pressure difference of over 0.2 MPa and
a velocity difference of 0.1 m/s. Following the slow
expansion phase, the pressure in the micro-tapered
hole at Point 3 increases quickly, with the pressure at
the narrow opening surpassing that at the large open-
ing. The pressure gradient between these two loca-
tions decreases to 0.02 MPa. The presence of vibra-
tion and deformation in the micro-tapered hole, along
with pressure fluctuations in the fluid flow lines, leads
to the formation of a vortex around the narrow open-
ing, as illustrated in Fig. 7c.

At Point 4, the fluid vortex close to the wall be-
comes significantly stronger because of the consistent
pressure variations in the conical hole, as shown in
Fig. 7d. During the onset of the tapering phase, fol-
lowing a minor initial fluctuation, the pressure in the
tapered bore increases quickly. At Point 5, the pres-
sure at the narrow opening of the micro-tapered hole
is lower than at the wide opening, with a maximum
pressure difference surpassing 0.06 MPa in the area.
This causes the flow lines to extend towards the nar-
row mouth, resulting in an upward shift of the vortex,
as shown in Fig. 7e. For the case of Point 6, the pres-
sure increases to 0.02 MPa and then quickly decreases
to about 0 MPa, resulting in the formation of a more
powerful vortex near the surface of the wall, as de-
picted in Fig. 7f. At this juncture, one cycle of altera-
tions in the flow field within the conical hole has been
completed, and the next cycle starts. During the transi-
tion from the expansion peak to the compression peak,
namely from Point 2 to Point 5, a Dean vortex can be
observed in the inner flow field. The reverse flow of
the flow field near the wall efficiently smooths the
wall surface.

4.2 Collision process between PU-AP abrasive
particles and the wall surface

The angle at which the abrasive grains hit the
wall and the speed at which they move in the flow
field are the key factors that affect the achieved level
of polishing on the wall. Notably, it is feasible to
study the trajectory of the abrasive grains in the flow
field throughout their life cycle in order to anticipate
the polishing impact. Fig. 8 illustrates the path fol-
lowed by the abrasive grains within the conical cavity.
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During the initial stage, the workpiece wall ex-
pands, leading to a noticeable negative pressure along
the wall. This negative pressure causes the SiO, abra-
sive grains to be driven into the surface of the work-
piece and gather near the intake. The Dean vortex in-
duces intense turbulence and high velocity near the
wall, leading to frequent contact between the abra-
sive particles and the wall. These particles slowly and
steadily travel towards the exit. Nevertheless, as the
wall begins to move back, the abrasive particles en-
counter a force that is aligned with and directed up-
wards along the wall, in accordance with Newton’s
third law and the principle of force decomposition.
This force propels the particles to swiftly escape the
flow field. In close proximity to the workpiece wall’s
departure, there is a notable decrease in both the fre-
quency and length of grain impact, resulting in a major
decline in the effectiveness of the polishing. By ob-
serving the trajectory of the abrasive grains through-
out their lifespan, it becomes evident that the influ-
ence of centrifugal force prevents the abrasive grains
from entering the Dean vortex. Instead, they remain in
the zone close to the wall, hence reducing the energy
consumption of the polishing process. To summarize,
the workpiece wall at the inlet region exhibits supe-
rior polishing, whereas the polishing effect near the
outlet experiences a minor decline.

4.3 Effect of vibrational frequency and amplitude
on the polished area

A crucial step in predicting the erosional effect
on the polishing area is quantitatively analyzing the
effects of different frequencies and amplitudes on the
flow field pressure changes, as well as the trajectory
of abrasive grains in the micro-tapered hole. This can
be done based on the principle of piezoelectric ultra-
sonic coupled abrasive flow material removal. The
variations in pressure within the micro-tapered hole
exhibit similar patterns at different frequencies and
amplitudes. The main differences lie in the maximum
and minimum values of the pressure, as discussed in
Sections 4.1 and 4.2. Therefore, these differences will
not be described again here.

Fig. 9a displays the average and labeled variations
in the pressure peaks and valleys of the flow field,
obtained by measuring the first 20 cycles of expan-
sion and contraction at different vibrational frequen-
cies. As the ultrasonic frequency increases from 75 to
150 kHz, the negative pressure in the micro-tapered
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hole increases linearly with the positive pressure. No-
tably, the rate of increase in negative pressure is sig-
nificantly greater than that of positive pressure.

Figs. 10al-10a4 illustrate the velocity, trajectory,
and effectiveness of abrasive grain movement in erod-
ing walls at a frequency of 75 kHz. At first, the abra-
sive granules are primarily concentrated in the central
area of the conical hole region. The external force gen-
erated is insufficient to move the abrasive grains to-
wards the wall due to the small negative pressure near
the wall. The grains exhibit downward movement
within the hole only as a result of wall expansion, con-
traction, and inertial forces, without any lateral move-
ment along the wall.

At a frequency of 100 kHz, there is a notable
augmentation in both negative and positive pressures
within the flow field as compared to 75 kHz, as shown
in Figs. 10b1-10b4. The velocity of the abrasive grains
near the wall is higher than in other areas. In addition,
greater negative pressure, mass force, and Dean vor-
tex centrifugal force propel the abrasive grains, caus-
ing them to cover a larger area and increase in inten-
sity, while also pushing the primary polishing region
upwards, as depicted in Fig. 10b4. At a frequency of
125 kHz, the alterations are illustrated in Figs. 10c1-
10c4. The near-wall abrasive grain motion velocity
almost doubles as compared to 75 and 100 kHz. The
augmented suction, in conjunction with the pressure
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gradient and drag force, results in the abrasive par-
ticles predominantly moving alongside the surface,
thereby enlarging the erosional region to be several
magnitudes greater than that for 100 kHz, and further
intensifying the effect. The main area for polishing at
this frequency is shown in Fig. 10c4. At a frequency
of 150 kHz, there are many similarities in the observed
patterns. These include higher speeds of abrasive grain
movement along the wall, larger areas of erosion, and
greater severity of erosion. These observations are il-
lustrated in Figs. 10d1-10d4.

Overall, the frequency has a substantial impact
on both the flow field pressure and the trajectory of
the abrasive grains. As the frequency increases, the
pressure differential in the flow field also increases
because of the varying flow resistance of the conical
hole. This, in turn, leads to a higher trailing force on
the abrasive grains along the wall surface. In addition,
this causes the abrasive granules to migrate in a tan-
gential direction along the surface of the wall. More-
over, the heightened frequency amplifies the Dean vor-
tex within the flow field, intensifying the mass force
and centrifugal force exerted on the abrasive particles.
This, combined with the traction force of the flow
field, propels the abrasive particles to undergo hap-
hazard collisions along the wall, thereby refining the
surface of the conical hole.

Fig. 9b illustrates the fluctuation of pressure peaks
and valleys at different amplitudes, for a frequency of
100 kHz. As the amplitude increases, the maximum
pressure remains relatively constant, and the minimum
pressure changes slightly without a clear pattern. While
the vibrational frequency of the flow field pressure
change and the trajectory of the abrasive grain move-
ment are comparable, the erosion impact of abrasive
grains differs depending on the amplitude. Fig. 11 show-
cases the velocity, path, and effectiveness of abrasive
grain movement in relation to wall erosion at various
amplitudes.

By examining Fig. 11, it is evident that greater
amplitudes lead to increased tangential velocities of
abrasive grains near the wall, whereas the erosion rate
of the abrasive grains on the wall decreases. As the
magnitude of the oscillation grows, the low pressure
in the flow field also increases, causing the abrasive
particles near the wall to travel more quickly in a tan-
gential direction. However, despite this consistent fre-
quency, the limited number of contacts between the

abrasive particles and the wall results in a decrease in
the rate of wall erosion. Hence, the key strategy for re-
moving material from the wall in conical holes should
be to increase the frequency, in order to maximize the
number of contacts between the abrasive grains and
the wall in the normal direction. In contrast, the pri-
mary strategy for managing the material removal area
on the wall is to increase the amplitude, so as to boost
the negative pressure.

In order to validate this analysis, we next perform
an experimental verification considering the effects of
both frequency and erosion rate, using data obtained
from simulations and quantitative analysis. These ex-
periments were conducted with a frequency of 100 kHz
and an amplitude of 2.44 um.

5 Construction of the PU-AP experimental
platform

In order to determine the effectiveness and supe-
riority of the PU-AP method in polishing the inner
walls of micro-tapered holes, it is necessary to build a
dedicated experimental platform for conducting pol-
ishing trials on the workpiece surface. Due to the ex-
tremely small size of the micro-tapered holes, current
equipment is insufficient for conducting a thorough
structural examination. Hence, it is imperative to ana-
lyze the surface morphology and roughness of the
micro-tapered holes, scrutinizing each layer individ-
ually. We will analyze the surface roughness of the
inner walls of the micro-tapered holes using different
polishing durations. Our objective is to look for a cor-
relation between polishing duration and polishing ef-
fect by comparing these results with those of numer-
ical simulations. This will provide a scientific founda-
tion for future applications.

5.1 Experimental setup assembly

A PU-AP experimental platform was built to as-
sess the morphology of the inner wall surface of micro-
tapered holes and to quantitatively characterize their
surface roughness, as depicted in Fig. 12. This assem-
bly is comprised of an ultrasonic oscillator, piezoelec-
tric ceramics, a power source, centrifugal stirring pad-
dles, auxiliary stirring paddles, a micro-tapered hole
specimen, and a peristaltic pump with a variable flow
rate ranging from 2 to 125 mL/min. The abrasive flow
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comprises SiO, particles, water, and an electrostatic
dispersant, with the SiO, particles having an average
diameter of 0.6 um and being present at a mass frac-
tion of 7%. A particle concentration that is too high
may cause clogging in narrow regions, thereby hinder-
ing the polishing process. Conversely, a particle con-
centration that is too low may fail to provide a strong
enough impact on the wall surface, thus markedly di-
minishing the polishing efficiency. Thus, we use a mod-
erate value of 7%. The sample is composed of 316L
stainless steel.

Prior to the polishing procedure, the stirrer evenly
distributes the abrasive particles across the abrasive
flow by dispersion. The peristaltic pump moves the
abrasive stream, which is then recirculated through
the vessel and over the specimen. The higher density
of the ablated material, in comparison to the SiO, abra-
sive and liquid water, guarantees that the ablated ma-
terial is primarily deposited toward the bottom of the
vessel. This deposition, in addition to frequent clean-
ing of the vessel, reduces the negative effects of the
removed material on the structural surface integrity.

5.2 Polishing experiment results

Surface roughness is a crucial parameter used
to assess the surface quality of micro-tapered holes.
The microstructural morphology of the hole wall was
analyzed using a 3D measuring laser microscope
OLS5000 (OLYMPUS, Japan), as shown in Fig. 13.

The machining process and the accompanying high
temperatures during the creation of micro-tapered holes
can lead to an uneven surface and significant debris,
which can greatly reduce the quality of these holes.

After undergoing a 4-h PU-AP polishing proce-
dure, a significant decrease in both debris and surface
imperfections was detected on the inner wall surface
of the micro-tapered holes. The existence of reflective
regions in specific areas supports the effectiveness of
the proposed PU-AP polishing method in dealing with
polishing difficulties related to the inner wall surface
of micro-tapered holes. Following a 15-h polishing
process, the surface dirt on the inner wall was almost
completely eliminated, resulting in an even surface.
Nevertheless, this approach fails to offer a quantita-
tive assessment of the effectiveness of the PU-AP pol-
ishing procedure. Hence, it is crucial to capture the 3D
shape of the inner wall surface of the micro-tapered
hole. The small size of the micro-tapered holes and
their variations in height make it difficult for the mea-
suring laser microscope to accurately capture their 3D
shape. Furthermore, in order to determine the precise
surface roughness, it is essential to calculate the differ-
ence between the actual height and the target height
of the wall.

To facilitate visual examination and comparisons,
surface roughness measurements were obtained from
both the left and right sides of the micro-tapered
hole. The results of the measurements taken at specific



points are shown in Fig. 14. The random and unpre-
dictable nature of the abrasive flow’s effect on the
structural surface, along with the limitations imposed
by the micro-tapered hole, makes it impossible to en-
sure a consistent surface quality at every point. This
results in random fluctuations in the roughness value
of the polished area. The surface roughness on the out-
side edge area of the micro-tapered hole is notably
low (i.e., it is smooth) due to the concentrated colli-
sion area and high impact intensity of the abrasive
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grains in this region. As the measuring area moves
closer to the inner edge of the micro-tapered hole,
there is a gradual increase in surface roughness and a
growing fluctuation, which matches the findings ob-
tained from simulations. However, the initial rough-
ness of the machined micro-tapered hole also plays a
crucial role in the polishing result. This is because the
inner edge region experiences fewer and less intense
impacts from abrasive grains, and the original surface
roughness has a larger impact on this area.
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Fig. 13 Surface morphology of micro-tapered holes at different polishing moments: (a) unpolished; (b) after 4 h of
polishing; (c) after 15 h of polishing. References to color refer to the online version of this figure

Polishing 0 h
— — Polishing 4 h
- Polishing 15 h

R, (um)

Polishing 0 h
— — Polishing 4 h
- Polishing 15 h

4 5 6 7 8
Length (um)
(b)

w

9 10 11 12 13

Fig. 14 Surface roughness (R,) at different polishing moments: (a) left side; (b) right side



1158 | J Zhejiang Univ-Sci A 2025 26(12):1141-1162

6 Conclusions

A novel method was proposed to enhance the ef-
fectiveness and efficiency of polishing micro-tapered
hole flow channels in microfluidic chips. This method
utilizes piezoelectric ultrasound coupled abrasive flow
in conjunction with the operational principle of a valve-
less piezoelectric micropump to actively remove ma-
terial from the channels. This technique uses the ultra-
sonic pulse properties of piezoelectric ceramics along
with the internal cavitation effect. It overcomes the in-
herent limitation of fluid infiltration diameter and en-
ables the abrasive particles and fluid to impact the wall
surface of the micro-tapered holes at a specific ve-
locity. Consequently, it enhances the efficiency of the
AJP method.

The complete calculation of vortex formation,
movement of abrasive grains, and erosion of the wall
during PU-AP was performed. The rapid fluctuations
in the volume of the internal flow field caused by the
expansion and contraction of the micro-tapered pores
resulted in elevated pressure and turbulent features.
Simultaneously, the internal flow field exhibited Dean
vortices, which generate centrifugal force that leads to
numerous collisions of abrasive particles with the wall
and progressive movement towards the outlet at a re-
duced pace.

The repeated and chaotic collisions of abrasive par-
ticles against the surfaces of small, gradually-narrowing
holes can enhance the effectiveness and consistency
of the polishing process. The polishing effect in spe-
cific sections of the micro-tapered holes is determined
by the frequency and amplitude of the vibration of the
piezoelectric ceramics. The frequency of ultrasonic vi-
brations has a direct relationship with the presence of
valleys and peaks within the cavity. As the vibrational
frequency increases, the extent and size of the wall
erosion also rise. The polishing position gradually shifts
from the wider opening to the narrower opening. The
erosion and vibrational amplitude are nonlinearly cor-
related, mirroring the pattern observed in the pres-
sure valleys and peaks within the micro-tapered hole.
Therefore, when deciding upon parameters, it is nec-
essary to account for the vibrational frequency and
vibrational amplitude of the piezoelectric ceramics,
along with the volume of the inner cavity of the micro-
tapered hole.

A PU-AP polishing system was created to thor-
oughly assess the impact of polishing micro-tapered

holes with varying durations of polishing. Measure-
ments from the 3D measuring laser microscope
OLS5000 demonstrated that the PU-AP approach ef-
fectively eliminates dirt and surface protrusions from
the inner wall surface of the micro-tapered holes after
4 h of polishing, resulting in reflections in certain lo-
cations. After 15 h, the surface roughness of the micro-
tapered hole can be reduced to below 1 um, and the
surface uniformity of the hole wall was high.

The wall quality of micro-tapered holes is impor-
tant for the development of microfluidic technology.
The primary objective of this study was to incorporate
ultrasonic vibration into the polishing of wall surfaces
in micro-tapered holes. Additionally, we aimed to un-
cover the phenomena of vortex formation, movement
of abrasive grains, and erosion of the wall in conical
hole cavities during the process of ultrasonic vibration
coupling. Ultimately, utilizing the ultrasonic frequency
and amplitude in the design allows for active control
of the polishing area. However, PU-AP polishing tech-
niques can still encounter difficulties in terms of mate-
rial removal and vibrational fatigue effects; the mate-
rial removal functionality could potentially be im-
proved by pulsation and cavitation. These matters will
be investigated in subsequent research.
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