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Abstract: This paper reviews recent developments of the soft abrasive flow finishing (SAF) method in constraint space. The 
multiphase fluid dynamics modeling, material removal mechanism, auxiliary strengthening finishing techniques, and observation 
of surface impact effects by abrasive particles and cavitation bubbles are presented in brief. Development prospects and challenges 
are given for four aspects: thin-walled curved surfaces, biomedical functions, electronic information, and precise optical 
components.
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1 Introduction 

In aerospace, electronic information, biomedical, 
and laser manufacturing technologies, the surface 
quality of the functional materials used in various 
fields often determines the performance of the core 
devices. Many surface precision machining methods 
based on fluid abrasives have been proposed to meet 
the increasingly stringent surface processing quality 
requirements of various materials (Chen et al., 2020). 
The soft abrasive flow finishing (SAF) method has re‐
ceived wide attention because of its low processing 
cost, good adaptability to the surface of the work‐
piece, and fewer surface scratches (Ji et al., 2010a, 
2010b). Based on the fluid flow characteristics of the 
process, dynamic modeling, and related physical laws, 
the SAF method can be defined as follows. The work‐
ing medium is created by using a loose, low-viscosity 

liquid medium wrap with micro-sized abrasive parti‐
cles and micro-bubbles. The fluid abrasive particles 
squeeze, spray, or plough the surface of the workpieces 
in an open or closed processing cavity either alone or 
coupled with an auxiliary reinforcing physical field 
(Gao et al., 2015).

The SAF method differs from viscoelastic fluid 
processing methods such as extrusion, grinding, mag‐
netorheological polishing, and high-pressure, high-
viscosity chemical-mechanical finishing processes 
(Kumar and Hiremath, 2016; Zhang CH et al., 2020; 
Zhang P et al., 2020). The SAF method can present 
turbulent flow at lower speed and pressure, and re‐
move a micro amount of the surface material of the 
workpiece with a micro force. Also, by using the tur‐
bulent wall effect, it can realize the target of a mirror 
surface finish on the workpiece, which has broad de‐
velopment prospects (Li et al., 2014). A schematic of 
SAF is shown in Fig. 1.

Depending on the principle of the method, there 
are two main types of processing methods for SAF 
finishing: open processing and modular constrained 
processing. The most typical application of the open 
machining method is the abrasive fluid jet machining 
(AFJM) method. The constrained machining method 
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uses low-viscosity fluids to envelope micro-size abra‐
sive particles in modular restricted flow channels to 
impact the surface of the workpiece.

The AFJM is a localized corrosion and reinforce‐
ment manufacturing process adopted by the mineral 
extraction sector in the 1930s (Molitoris et al., 2016). 
In 1970, abrasive jet systems were marketed for a 
short period. Ceramic nozzles, which became main‐
stream in the industry, were used for cutting and 
cleaning (Hashish, 1989; Li et al., 2023a, 2023b). 
Fähnle et al. (1998) first proposed a unique process‐
ing technique that allows local shaping and polishing 
of optical surfaces with complex structures. Flow in‐
jection systems are used to direct a premixed filamen‐
tary flow at pressures below 0.6 MPa on the optical 
surface to significantly reduce the apparent roughness 
of the sample. This marked the beginning of research 
on the surface polishing of materials using the AFJM 
method. This technique is used to remove material 

from a workpiece using a jet fluid and abrasive parti‐
cles under high-pressure conditions (Fig. 2). The ex‐
cess material is removed mainly by the abrasive parti‐
cles, and the continuous water flow eliminates the 
thermal effects of the process, making it a suitable 
method for heat-sensitive materials (Nguyen and Wang, 
2019; Li et al., 2023c, 2023d).

In mold manufacturing, special surfaces with 
complex structures and small scales are known as 
structural surfaces (Brinksmeier et al., 2004, 2006). Ji 
et al. (2012a, 2012b, 2012c) presented a tool-free pre‐
cision machining technique based on weakly viscous 
two-phase abrasive particle flow to reduce the surface 
roughness of the structured surface of a mold and to 
enhance the uniformity of the material surface tex‐
ture. Ji et al. (2014) presented a gas-liquid-solid three-
phase abrasive flow processing method (GLSP) based 
on microbubble cavitation effects to improve the pro‐
cessing efficiency and uniformity of surface texture 
(Ge et al., 2018, 2022; Li C et al., 2020; Li L et al., 
2020a, 2020b). The application of this method has 
been extended to workpieces made of hard-brittle ma‐
terials such as monocrystalline wafers and optical 
glasses (Tan et al., 2016a, 2016b, 2017; Li YB et al., 
2021). In these two SAF finishing methods, the pro‐
cessing medium is a weak viscous fluid containing 
abrasive particles or microbubbles that can be used to 
improve the efficiency of removal of material from 
the surface of the workpiece.

Fig. 1  Schematic of SAF

Fig. 2  Schematic of AFJM

1044



J Zhejiang Univ-Sci A (Appl Phys & Eng)   2023 24(12):1043-1064    |

The SAF method with microbubbles mixed in 
the processing medium installs a constrained compo‐
nent near the machining surface of the workpiece 
(Fig. 3). The abrasive flow enters the constrained ma‐
chining space in turbulent form and achieves precise 
tolerances on the surface of the structure through 
particle-surface collision effects.

Related studies have shown that the bubbles col‐
lapse under specific conditions such as severe pres‐
sure fluctuations, significant turbulence, and multi‐
phase flow collisions (Lehr et al., 2002; Wang et al., 
2003). The burst of a mass of bubbles produces nu‐
merous microjets, which can enhance the local fluid 
velocity and turbulence intensity (Zhang et al., 2001; 
Ni et al., 2012; Li L et al., 2021a, 2021b). Due to the 
effect of bubble collapse, the dynamic energy of the 
particles is enhanced, and the motion becomes very dis‐
ordered. Based on the Preston equation, Ji et al. (2011a, 
2011b) analyzed its application to SAF and modified 
the Preston coefficients so that it can meet the analyti‐
cal requirements for SAF. Li et al. (2014) conducted a 
force analysis of the particle phase in the fluid, and 
analyzed the micro-cutting mechanism of the particles 
on the wall. According to the results, increasing the ki‐
netic energy of particles in a fluid can enhance the re‐
moval efficiency of the material, while the uniformity 
of the material surface processing will also increase 
with the enhanced randomness of particle motion.

Many detailed reviews on AFJM have presented 
the problems and prospects of AFJM technology. After 
more than 10 years of development, research on SAF 
has generated a lot of knowledge, and the SAF method 
has become an important branch of abrasive flow 
processing (Ge JQ et al., 2021a, 2021b, 2021c; Ge 
M et al., 2021; Li et al., 2022). However, there are 
no comprehensive summaries of the constrained SAF 
method at present. In this paper we present the first 
systematic review of research results related to the 
SAF method as well as future research directions and 
challenges. The dynamics modeling of the soft pro‐
cessing fluid, material removal mechanism, auxiliary 
strengthening processing technique, and observation 
and control methods of abrasive flow wall effects are 
summarized. The method of observing and controlling 
the particle–wall effect during processing is unique 
compared with traditional abrasive flow processing 
methods. We hope this review can serve as a refer‐
ence for future research on soft fluid finishing meth‐
ods and technology development.

2 Dynamics modeling of SAF 

After the SAF method was proposed, many fluid 
modeling methods were used to study the fluid veloc‐
ity and pressure, abrasive motion, and wall processing 

Fig. 3  Schematic of the SAF method in the constrained model. 1: cover plate; 2: constrained component; 3: seal ring; 4: 
abrasive flow; 5: workpiece; 6: channel
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contact effect (Zhang L et al., 2015, 2018a, 2018b; 
Tan et al., 2016a, 2016b; Li J et al., 2017; Li JY et al., 
2017; Li L et al., 2022). Ji et al. (2010a) applied the 
discrete phase model (DPM) method to establish a 
soft abrasive flow model for the precision machining 
of structural surfaces. Based on the results, the equa‐
tions of motion of the abrasive grains in the Cartesian 
coordinate system were obtained. Ji et al. (2011a, 
2012a) presented a two-phase hydrodynamic model 
of SAF based on the level set method (LSM) topology 
structure transformation combined with the volume of 
fluid (VOF) approach.

The previous work clearly showed that the tradi‐
tional modeling method of abrasive flow could hardly 
reflect the abrasive-wall contact effect, which is of 
great importance for fluid processing. To resolve this 
problem, a coupled computational fluid dynamics 
(CFD) and discrete element method (DEM) modeling 
method (CFD-DEM) of abrasive flow was proposed 
to obtain the abrasive-wall collision distribution and 
material removal characteristics (Zhu et al., 2008; 
Yang et al., 2014). This modeling method considers 
the particle volume and performs a detailed calcula‐
tion of the particle-surface collision process, allowing 
more accurate modeling of particle motion. In addi‐
tion, coupled ultrasonic, thermal, and magnetic multi-
physical field models could provide a new direction 
for studying soft abrasive flow processing.

2.1 CFD-DEM coupling models

The CFD-DEM coupling model of abrasive flow 
includes mainly fluid phase description equations and 
discrete element analysis. The DEM model is a nu‐
merical analysis method used to analyze the contact 
force and motion distribution of discrete particles by 
calculating the motion pattern of a discontinuous par‐
ticle population following fluid flow (Chu et al., 
2009; Markauskas et al., 2017). The particles are 
treated as discrete phases, and the Newtonian control 
equations of motion are used to calculate their laws of 
motion. The equation of the force between the fluid 
and the abrasive, and parameters such as the volume 
fraction of the abrasive, are described, i.e., the interac‐
tion calculation between the fluid phase and abrasive 
phase (Kotrocz et al., 2016; Li et al., 2019).

The coupled CFD-DEM solution performs data 
interaction by computing the interaction forces and 
porosity (α). In a mesh unit, the sum of porosity (α) 

and the particle’s volume fraction (αp) is equal to 
1. The porosity can be acquired by computing the 
volume fraction of particles (αp). A box encloses the 
particles in a grid cell, and the number of sample 
points in the enclosing box is counted. The sample 
points located in the particles and grid cells are saved 
so that the volume fraction of the particles in the grid 
cells can be acquired from the relationship expressed 
in Eq. (1).

αp = 1 - α =
nc

N
vc (1)

where nc is the sum of sample points located in the 
particles and grid cell, N is the sum of the sample 
points located in the bounding box, and vc is the veloc‐
ity of the particles.

2.2 Multi-physics coupling models of SAF

Based on the equations of hydromagnetics and 
Navier-Stokes, Li et al. (2022) presented a modeling 
method for coupling the gas-liquid-solid three-phase 
particle flow field with the magnetic field. The Max‐
well stress tensor is applied to calculate the volume 
force of the electromagnetic field. The Navier-Stokes 
momentum conservation equation can be expressed by 
Eq. (2) (Fan et al., 2021):

ρ(uÑ) u -Ñ é
ëη (Ñu + (Ñu)

T )ùû =-ÑP +FL (2)

where FL is the contribution term of Lorentz force, ρ 
is the fluid density, η is the kinematic coefficient of 
viscosity, u is the velocity of the fluid, and P is the 
pressure.

As shown in Eq. (3), the contribution of the vol‐
ume force at each point in the computational domain 
can be obtained by integrating the volume force dF 
generated by magnetic field B and current J in the en‐
tire flow channel region. Expanding the partial differ‐
ential equation for the Lorentz force in the form of a 
vector product, we can obtain Eq. (4) for the volume 
force of the Lorentz force in each direction:

J = ( fvf Jx fvf Jy fvf Jz ) 
B = ( fvf Bx fvf By fvf Bz ) 
i = (1 0 0)   j = (0 1 0)   k = (0 0 1)  (3)
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where fvf is the volume force factor generated by mag‐
netic field and current. Jx, Jy, and Jz are the currents on 
the x, y, and z directions, respectively. Bx, By, and Bz 
are the magnetic fields on the x, y, and z directions, 
respectively.

Coupling the electromagnetic model with the 
flow model is achieved by introducing the Lorentz 
force volume force at various points in the flow field. 
Reflecting the external product of the current J and 
the magnetic field as the volume force in the law of 
conservation of momentum gives:

Fx = fvf Jy ´ fvf Bz - fvf Jz ´ fvf By
Fy =-fvf Jx ´ fvf Bz + fvf Jz ´ fvf Bx

Fz = fvf Jx ´ fvf By - fvf Jy ´ fvf Bx. (5)

Han (2017) presented a fully developed fluid 
non-isothermal flow heat transfer model under the ac‐
tion of an electromagnetic field by coupling the elec‐
tromagnetic, thermal, and fluid models. The heat 
transfer theory and characteristics were studied, pro‐
viding a theoretical basis for the heat transfer optimi‐
zation and control method.

The non-isothermal flow problem involves resolv‐
ing the continuity, momentum, and energy-thermal 
equations on the basis of fluid dynamics, which can 
be obtained by coupling the fluid flow model and 
solid heat transfer model, as shown in Eq. (6):

ì

í

î

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï

¶ρ
¶t

+Ñ ( )ρu = 0

ρ
¶u
¶t

+ ρuÑu =Ñ é
ëμ (Ñu + ( )Ñu

T -

ù
û
úúúú)          

2
3
μ ( )Ñu I -ÑP - μ0 μrÑH +F

ρCp( )¶T
¶t

+ ( )uÑ T =-Ñ ( )q + qr + τÑu +

           θpT ( )¶P
¶t

+ ( )uÑ P +Ñ ( )μ0 μrÑH +Q

  (6)

where I is the unit matrix, H is the intensity of the 
magnetic field, F is the resultant force of external 
forces, Cp is the specific heat capacity of the target 
material, q is the heat transfer rate, qr is the heat flux, 
T is the absolute temperature, τ is the viscous stress 
tensor, θp is the coefficient of thermal expansion, μ0 is 
the permeability constant in vacuum, μr is the relative 
permeability of fluid, and Q is the sum of the heat ex‐
cept for the viscous heat source.

The particle and bubble groups impact the wall 
at high speed under the influence of turbulence. The 
heat transfer coefficient during the process can be ex‐
pressed by Eqs. (7) and (8):
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where hp and hg are the heat transfer coefficients of 
the particle and bubble group, respectively. vpi and 
νgi are the velocity vectors of the particle and gas 
phase in turbulent flow, respectively. kg and kc are the 
specific heat capacities of the gas and particle groups, 
respectively. cp, cg, and cc are the specific heat capaci‐
ties of the particle, gas, and particle groups, respec‐
tively. dp is the mean size of the particle, ρc is the 
density of the particle group, and ρd is the density of 
the dispersed phase. ρp, ρg, and ρl are the densities of 
the particle, gas, and liquid, respectively. tp is the 
impact time between the particle group and the 
boundary layer. lp is the grinding length between 
the particle group and boundary layer, and Pr is the 
Prandtl number.

SAF involves the micro-scale coupling mecha‐
nism of the multiphase flow interface, the mass trans‐
fer mechanism between the phases of the processing 
medium, and the quantitative analysis and theoretical 
modeling of the energy released by the micro-scale 
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bubble collapse, which is an important research direc‐
tion of the theoretical modeling of the SAF in the future.

3 Material removal mechanism of SAF 

During SAF processing, the finishing medium 
ploughs the surface of the parts in a disorderly and 
random way under the effect of a turbulent flow field 
and bubble cavitation. Precision surface machining is 
achieved by the convex material micro-cutting effect 
on the surface of the parts (Tan et al., 2018a, 2018b; 
Zhang LB et al., 2018). The material removal equa‐
tion shows that the removal intensity of the soft abra‐
sive flow on the surface of the parts is determined by 
the impact velocity of the processed abrasive particles 
and the pressure applied to the workpiece. Therefore, 
analyzing the cutting force of the abrasive particles 
and the cavitation impact of microbubbles under the 
turbulent flow environment is vital to elucidating the 
micro-cutting mechanism of multiphase abrasive flow 
near the wall.

3.1 Abrasive particle collision effect

Ji et al. (2011b) obtained the particle selection 
condition and empirical equations applicable to SAF 
by analyzing the Preston equation and its correction 
coefficients. Ji et al. (2012c) proposed a realizable k-ε 
turbulent model to calculate the trajectory of particles 
within the boundary layer. The preliminary flow field 
distribution properties are established by analyzing 
the particle’s velocity before incidence, and the parti‐
cle motion function is solved to calculate the velocity 
and incidence angle of the particle.

Ji et al. (2017b) established a surface contact 
analysis method based on a soft sphere model to 
achieve a quantitative analysis of normal and tangen‐
tial collisions of abrasive particles with the wall. Fig. 4 
shows the contact process between the particles i and 
j (j stands for particle j or wall j), where β is the nor‐
mal displacement and δ is the tangential displacement.

A soft sphere model is adopted to calculate the 
collision force. This model uses mainly an elastic co‐
efficient and a damping coefficient to simplify the 
contact process and assumes that parameters stay the 
same in the contact process.

The soft sphere model sets springs and dampers 
between particles i and j (Fig. 5). The collision force 

can be decomposed into a normal collision force and 
a tangential collision force. The normal collision force 
(FNij) is given by

FNij = ( - kN β
3
2 - ηNGRn)n (9)

where GR is the relative velocity between particles i 
and j, n is the unit vector from the sphere center of 
particle i to j, and kN and ηN are the normal elastic co‐
efficient and normal damping coefficient of particle i, 
respectively. The particle–wall contact process can be 
described by the soft sphere model (Fig. 6).

3.2 Cavitation effect

Studies have shown that if a tiny bubble in a flu‐
id collapses within a short period of time, the micro-
jet produced by the collapse will release a tremendous 
amount of energy, which will be transformed into ki‐
netic energy of the fluid in a small volume. This is 
known as cavitation shock (Lauterborn and Ohl, 1997). 
Many studies have been conducted on cavitation shock 
mechanisms and adjustments (van Wijngaarden, 2016; 
Sadeghi et al., 2018). The energy released by bubble 

Fig. 4  Schematic of the particle–wall contact process. 
Reprinted from (Ji et al., 2017b), Copyright 2017, with 
permission from Springer Nature

Fig. 5  Soft sphere-based particle–wall contact model: (a) 
normal contact; (b) tangential contact. 1: spring; 2: damper. 
Reprinted from (Ji et al., 2017b), Copyright 2017, with 
permission from Springer Nature
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cavitation can increase the kinetic energy of the sur‐
rounding tiny abrasive particles in the finishing medium, 
and improve the randomness of the direction of parti‐
cle movement (Ji et al., 2019). Therefore, to improve 
the processing efficiency and surface quality of the 
workpiece, it is important to master the revolution 
mechanism and the methods regulating the impact of 
bubble cavitation in SAF (Zhao et al., 2022).

Zhao et al. (2020b) proposed a novel cavitation 
rotary abrasive flow polishing (CRAFP) method. The 
occurrence conditions and the intensity of cavitation 
effects were obtained (Fig. 7). The cavitation number 
σ is defined by

σ =
Po -P i

0.5ρv2
0

 (10)

where Po and Pi are the outlet and inlet pressures, re‐
spectively, and v0 is the initial velocity of the process‐
ing medium in the inlet channel. A smaller σ indicates 
a higher cavitation number and a stronger cavitation 
effect. According to the bubble cavitation theory 
(Mohseni-Mofidi et al., 2022), the pressure released 
from the cavitation effect can be expressed by

Fig. 6  Axis view of macroscopic particle fluid: (a) global 
view; (b) partially enlarged view of region b. vp is the 
particle velocity. Reprinted from (Ji et al., 2017b), 
Copyright 2017, with permission from Springer Nature

Fig. 7  Cavitation bubble content distribution at different tool inlet pressures: (a) 0 MPa; (b) 0.2 MPa; (c) 0.4 MPa; 
(d) 0.6 MPa; (e) 0.8 MPa; (f) 1.0 MPa. Reprinted from (Zhao et al., 2020b), Copyright 2020, with permission from Elsevier
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Pmax =
1

6.35
P¥( R0

R ) 3

 (11)

where Pmax is the maximum pressure at the moment of 
bubble cavitation, P∞ is the pressure of the outlet, and 
R0 and R are the initial radius and the radius at the mo‐
ment of bubble cavitation, respectively.

Pan et al. (2020) applied the Schnerr-Sauer model 
with good adaptability and convergence speed to nu‐
merically calculate the cavitation effect of microbub‐
bles in multiphase fluid media (Fig. 8). The corre‐
sponding control equations are shown in Eqs. (12) 
and (13).

Re =Fvap

ρv ρf

ρm

φ(1 - φ)
3
Rb

2
3

Pv -P
ρf

    P ≤ Pv  (12)

Rc =Fcond

ρv ρf

ρm

φ(1 - φ)
3
Rb

2
3

P -Pv

ρf

    P >Pv  (13)

where Re and Rc are mass transfer source terms con‐
nected to the growth and collapse of the vapor bub‐
bles, respectively. Fvap and Fcond are the empirical cali‐
bration coefficients of evaporation and condensation, 
respectively. ρv and ρf are the densities of vapor and 
fluid, respectively. ρm is the mixed phase density, φ is 
the ratio of vapor, Rb is the bubble radius, P is the hy‐
drostatic pressure, and Pv is the air pressure threshold.

Current SAF research focuses mainly on the 
mechanism of abrasive particle–wall interactions in 
the near-surface region and microbubble cavitation ef‐
fects. However, variation in the surface texture of dif‐
ferent materials, the direction of the motion of the 
abrasive particles relative to the raised peaks, the mor‐
phology of the raised peaks, and the fracture deforma‐
tion of the raised peaks will greatly influence the re‐
moval effect of different material characteristics during 

soft abrasive flow processing (Tan et al., 2018a, 2018b, 
2019a, 2019b). Current research is lacking in these as‐
pects which represent an important research direction.

4 Auxiliary strengthening processing technology

The polishing efficiency of SAF is low due to 
the limitation of the hydraulic diameter of the process‐
ing passages and the power of the abrasive flow driv‐
ing pump (Zhang L et al., 2018a, 2018b; Tan et al., 
2020). In addition, because the viscous stress of the 
fluid near the wall region is much larger than the 
Reynolds stress, the turbulent boundary layer is prone 
to separation (Tan et al., 2014, 2017). This reduces 
the fluid turbulence intensity and thus reduces the ki‐
netic energy of the particles in the process of collision 
with the wall. Researchers have introduced many 
modifications to improve the turbulence intensity and 
abrasive processing capability in SAF polishing tech‐
niques, such as ultrasonic-assisted, magnetic-assisted, 
and rotary-assisted soft abrasive flow processing (Ge 
et al., 2022; Li et al., 2022; Mohseni-Mofidi et al., 
2022).

4.1 Ultrasonic-assisted SAF method

The ultrasonic-assisted abrasive flow polishing 
method (UVAFP) is a composite polishing technique 
that combines ultrasonic vibration and abrasive flow 
in a turbulent state (Yu et al., 2019a; Wang et al., 
2022). This polishing technology is ideal for hard, 
brittle, and difficult-to-machine surfaces and complex 
shapes. Therefore, it extends the process range of abra‐
sive flow polishing technology and improves the effi‐
ciency and surface quality of the polishing process. 
Yu et al. (2019b) and Lu et al. (2020) have conducted 
extensive and in-depth research on UVAFP, combin‐
ing ultrasonic vibration technology with various abra‐
sive flow polishing technologies. They have proposed 
various ultrasonic-assisted abrasive flow polishing 
methods, which have achieved excellent results in the 
precision polishing of a variety of materials. Under 
the high-frequency impact of ultrasonic vibrations, the 
processing medium can finish the workpiece surface 
in three distinct ways. The first is the surface erosion 
effect of the workpiece under the influence of the hy‐
drodynamic force of the processing medium. The sec‐
ond is through ultrasonic vibration directly driving the 

Fig. 8  Cavitation volume fraction in the flow field. 
Reprinted from (Pan et al., 2020), Copyright 2020, with 
permission from Springer Nature
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abrasive particles to impact the surface of the work‐
piece. The third way is via the ultrasonic vibration-
induced cavitation effect on the surface of the 
workpiece.

Ji et al. (2014) presented an ultrasound-enhanced 
ultra-precision abrasive flow finishing technique to 
address the issues of a long processing time and low 
efficiency of the SAF processing method, and estab‐
lished a coupled acoustic and flow field model. Li 
et al. (2019) presented an SAF finishing technique 
based on ultrasonic turbulence intensity enhancement 
effects. Results showed that the turbulence intensity 

of the abrasive flow reinforced by high-frequency ul‐
trasonic vibration was more uniform, and the material 
removal rate during the finishing process was sig‐
nificantly improved. Ge JQ et al. (2021a) suggested 
an ultrasonic-assisted soft abrasive flow finishing 
(UA-SAF) technique to resolve the issue of the low 
polishing efficiency caused by the separation of turbu‐
lent layers in SAF (Fig. 9). A CFD-DEM modeling 
approach and a dynamic mesh method are applied to 
describe the UA-SAF flow and periodic moving 
boundaries caused by ultrasonic vibrations (Fig. 10) 
(Ge JQ et al., 2021c). The Archard model is adopted 

Fig. 10  Characteristics of the particle motion state with/without ultrasonic vibration: (a1) particle distribution, without 
ultrasonic; (a2) particle distribution, with ultrasonic; (b1) velocity vector distribution, without ultrasonic; (b2) velocity 
vector distribution, with ultrasonic; (c1) partial enlarged view of the A part; (c2) partial enlarged view of the B part. vi is 
the particle velocity. Reprinted from (Ge JQ et al., 2021c), Copyright 2021, with permission from Springer Nature

Fig. 9  Schematic illustration of the ultrasonic-assisted SAF method: (a) overall structure diagram; (b) polishing tool; 
(c) polishing mechanism in the near-workpiece region. Reprinted from (Ge JQ et al., 2021a), Copyright 2021, with 
permission from Elsevier
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to calculate the effects of particle–wall erosion. The 
UA-SAF approach requires only 8 h to obtain a rough‐
ness (Ra) of less than 0.1 μm, and the ultimate rough‐
ness can reach around 0.018 μm, while the SAF method 
requires about 12 h to attain an Ra of 0.1 μm.

Currently, ultrasonic energy is applied to the 
flow field to calculate the flow field characteristics 
and the influence of the flow field on particle motion. 
There is a lack of in-depth research on the effect of 
the collapse of micro-scale bubble particles in fluid 
media under ultrasonic action.

4.2 Magnetic-assisted SAF method

Magnetic-assisted finishing is a relatively new 
approach that has been proven to be a cost-effective 
machining method (Peruri and Chaganti, 2019). The 
magnetic-assisted method provides excellent surface 
quality and machining accuracy regardless of the 
hardness of the workpiece being machined. Also, it 
does not introduce additional residual stresses to the 
processed surface. Under the action of viscous force, 
the fluid pulsation velocity gradually decreases in the 
near-wall layer, and laminar flow is dominant (Yin 
et al., 2020). The soft abrasive flow can be applied to 
act on the inner wall of the pipe and the edge of the 
blade, but the abrasive particle processing efficiency 
near the wall surface is insufficient. The use of an ex‐
ternal magnetic force to apply an auxiliary driving 
force to soft abrasive flow particles to improve the 
cutting ability of abrasive flow particles on the sur‐
face of the workpiece could be a hugely significant 
advance. Fig. 11 depicts a schematic diagram of the 
magnetically assisted SAF method.

Research on the multiple physical field coupling 
modeling of the magnetic field and multiphase abrasive 

flow field is critical. Simulations of magnetorheologi‐
cal fluids (MRF) can usually be divided into three 
groups according to how the interface between the 
carrier fluid and the particles is resolved: one-way cou‐
pling, two-way coupling, and direct numerical simula‐
tion (DNS). Lagger et al. (2014) investigated the de‐
velopment and fragmentation of magnetic particle 
agglomerates in MRF under shear stress from the 
perspective of magnetic field strength and particle 
volume fraction using the DEM method. Ke et al. 
(2017) proposed a system for solving the Navier-
Stokes equations using the lattice Boltzmann method 
(LBM) and exchanging momentum between the fluid 
and discrete particles using the immersion boundary 
technique (IBM). Mohseni-Mofidi et al. (2022) inves‐
tigated the effect of an applied magnetic field on SAF 
performance using smoothed particle hydrodynamics 
(SPH) format discrete fluids, particles, and surfaces to 
treat the multiphysics field of the control equations 
consistently for each phase (Fig. 12).

Fig. 11  Schematic of the magnetic-assisted SAF method

Fig. 12  Surface erosion simulation using circular grains for a magnetic gradient of 500 T/m at times 0 ms (a), 2.5 ms (b), 
and 5.0 ms (c), and for a magnetic gradient of 1000 T/m at times 0.5 ms (d), 2.5 ms (e), and 5.0 ms (f). Reprinted from 
(Mohseni-Mofidi et al., 2022), Copyright 2022, with permission from Elsevier
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The analysis of flow field characteristics and par‐
ticle motion under magnetic field coupling is a direc‐
tion that is worth exploring in the future (Tan et al., 
2013). The use of a magnetic field to guide the direc‐
tion of particle motion can achieve fixed-point ma‐
chining of the machined surface, which has unique ad‐
vantages (Tan et al., 2013; Tan and Zhang, 2014). Rel‐
evant theoretical modeling and experimental research 
need to continue.

4.3 Rotary-assisted SAF method

The SAF machining method yields spatially con‐
strained flow channels by setting the constraint mod‐
ule on the workpiece surface. The abrasive flow in a 
turbulent state passes through the restricted flow pas‐
sages at high speed, pushing the internal abrasive par‐
ticles in a disorderly motion. This generates a micro-
force and micro-cutting effect on the surface of the 
workpiece, thereby achieving a high-precision polish‐
ing effect. Therefore, to improve the machining effi‐
ciency and the uniformity of the machined surface it 
is important to improve the disorderly motion of abra‐
sive particles and the turbulence intensity of abrasive 
particle flow on the workpiece surface. A vortex in 
the state of high-speed turbulence can significantly 
improve the disorder of particle motion (Tan et al., 
2019a; Yin et al., 2022a, 2022b). Therefore, rotation-
assisted SAF methods formed by external mechanical 
driving forces or flow channel structures have been 
proposed and studied extensively by many scholars.

Walia et al. (2006) proposed a centrifugal force-
assisted abrasive flow machining (CFAAFM) method 
in which a rotating rod exerts a centrifugal force on 
an abrasive suspension to increase the surface finish 
within a cylindrical workpiece. Yuan et al. (2016) de‐
veloped a spiral-rotating abrasive flow polishing tech‐
nique to explore the precision polishing of the inner 
surface of 6061 aluminum alloy barrels. The material 
removal rate increases as the rotation speed increases 
due to the greater kinetic energy introduced by the 
rotation of the constraint module (Fig. 13). Ji et al. 
(2017a) introduced a gas-liquid-solid three-phase rotary 
abrasive flow machining technique (RGLSP) to ex‐
plore the effect of bubble cavitation on processing ef‐
ficiency. Zhao et al. (2020a, 2021) introduced a novel 
soft abrasive rotational flow (SARF) finishing method 
to achieve low surface damage and ultra-smooth, uni‐
form finishing of large-size K9 optical glass surfaces, 

achieving a final surface roughness of Ra=4.51 nm. A 
comparative analysis of research results of various 
auxiliary processing methods is shown in Table 1.

Limited by the power of the pump and the struc‐
ture of the key rotating auxiliary machining parts, the 
processing efficiency of this method is not high at 
present, and the applicable workpiece structure also has 
many limitations, which need to be further explored.

5 Methods for observing and controlling the 
wall contact effect 

The SAF machining process involves the move‐
ment of a multiphase fluid processing medium in a fi‐
nite flow passage space (Yin et al., 2022b). The cavi‐
tation effect strengthens the turbulent intensity of 
fluid and makes abrasive flow polish the workpiece 
surface with a more disordered turbulent wall effect. 
Measurement of the flow field under complex motion 
is the most direct and effective way to study the mo‐
tion pattern of the flow fluid processing medium 
(Zheng et al., 2021; Wang JX et al., 2023). The accu‐
racy of fluid processing medium modeling, the effec‐
tiveness of the processing medium-wall contact ef‐
fect, and the cavitation-wall effect can be demon‐
strated by the velocity vector and vortex distribution 
of the fluid medium flow field. The rapid change of 
velocity vectors and vortices in high-speed turbulent 
rotating flow fields requires a measurement technique 
with quick dynamic response and high accuracy.

Particle image velocimetry (PIV) is a typical 
non-contact and high-precision measurement method 
for particle motion observation in a flow field. PIV 
technology is a full-flow field observation technology 
developed in the 1980s (Wang et al., 2020; Yu et al., 

Fig. 13  Schematic illustration of the spiral-rotating abrasive 
flow polishing method
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2020). This method lights the measurement region of 
the flow field with laser-pulsed sheet light and uses a 
camera to repeatedly record the location of tracer par‐
ticles in the processing medium flow field. After solv‐
ing and analyzing the trajectory of tracer particles us‐
ing an image processing technique, the velocity vec‐
tor distribution of the processing medium flow field is 
determined. Based on the surface material removal 
mechanism of the SAF machining method, the impact 
effect of the processing particle medium on the mate‐
rial surface and the wall erosion effect of cavitation 
bubbles are observed online using PIV technology. 
Then the precise quantitative calculation of the pro‐
cessing effect of soft abrasive flow can be carried out, 
which has significant scientific value and engineering 
significance (Wang T et al., 2023).

5.1 Observation of particle–wall contact effect

Ji et al. (2012b) applied the PIV analysis method 
to study the motion pattern and wall collision effect of 
the processing particle group in the finite flow pas‐
sage space. The results showed that the whole trajec‐
tory of the abrasive particle group from the beginning 
of the collision to the deviation from the wall is 

roughly in a vortex state, and there is inter-particle in‐
teraction during this period. Li C et al. (2012, 2020) 
reported a PIV experiment in which particle motion 
trails of SAF were generated. The particle tracking 
analysis technique was applied to examine particle 
motion (Fig. 14). The results revealed that the tracer 
particles collide with the surface and reflect angularly, 
followed by irregular motion with SAF.

5.2 Observation of cavitation-wall contact effect

Ji et al. (2014) presented an ultrasonic-enhanced 
soft abrasive flow machining method and established 
a PIV observation platform. They found that there are 
numerous cavitation bubbles growing and hitting the 
surface of the wall continuously. The processing time 
can be reduced to a certain extent, and the processing 
efficiency can be improved by applying ultrasonics to 
SAF. Ge JQ et al. (2021b) conducted a PIV observa‐
tion experiment for gas-liquid-solid three-phase abra‐
sive flow machining. The results showed that the aver‐
age velocity can be increased from 12.5–13.5 m/s to 
15.0–17.0 m/s by injecting microbubbles, and the max‐
imum velocity value can be shown to approach more 
than 20.0 m/s (Fig. 15). Pan et al. (2020) developed a 

Table 1  Comparative analysis of research results of various auxiliary processing methods

Reference

Yu et al., 2019b

Ji et al., 2014

Li J et al., 2017

Ge JQ et al., 
2021a, 2023

Mohseni-Mofidi 
et al., 2022

Yuan et al., 2016

Ji et al., 2017a

Zhao et al., 
2020a, 2021

Processed method

UVAFP

Ultrasound enhanced 
abrasive flow finishing 
method

SAF finishing technique 
based on ultrasonic 
turbulence intensity 
enhancement effects

UA-SAF

Magnetic-assisted SAF 
machining method

Spiral-rotating abrasive 
flow polishing 
technique

RGLSP

Novel SARF

Work material

Monocrystalline 
silicon

45#

45#

Monocrystalline 
silicon, K9 
optical glass

Polymethyl 
methacrylate 
(PMMA)

6061 aluminum 
alloy cylinder

6061 aluminum 
alloy plate

K9 optical glass

Processing media

Polishing liquid: 
diamond 
suspension

SiC abrasive 
fluid

SiC abrasive 
fluid

SiC/Al2O3 
abrasive fluid

SPH particles 
fluid

Alumina 
particles

SiC/Al2O3 
abrasive fluid

CeO2 abrasive 
fluid

Key parameter

Ultrasonic vibration: 
amplitude 21 μm, 
frequency 20 kHz

Ultrasonic vibration: 
amplitude 50 μm, 
frequency 20 kHz

Ultrasonic vibration: 
amplitude 25 μm, 
frequency 20 kHz

Ultrasonic vibration: 
amplitude 20/40 μm, 
frequency 20 kHz

Magnetic gradient of 
500 and 1000 T/m

Rotation speeds: 0, 200, 
500, and 1000 r/min

Inlet flow velocity 
60 m/s, microbubble 
diameter 50 μm

Platform rotation 
speed of 10 r/min

Result

Surface roughness can 
reach Ra=4 nm with 
ultrasound

Surface roughness can 
reach Ra=0.2 μm in 
8 h with ultrasound

Surface roughness can 
reach Ra=0.2 μm in 
6 h with ultrasound

Surface roughness can 
reach Ra=3.74 nm 
with ultrasound

Surface roughness can 
reach Ra=0.08 μm in 
2 h with 1000 r/min

Surface roughness can 
reach Ra=0.085 μm 
in 1 h

Surface roughness can 
reach Ra=4.51 nm
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Fig. 14  Schematic diagram of tracer particle motion. Reprinted from (Li C et al., 2012), Copyright 2012, with permission 
from Springer Nature

Fig. 15  Observation of near-wall flow field after bubble collapse: (a) near-wall flow field; (b) near-wall velocity vector 
distribution; (c) near-wall vorticity distribution. Reprinted from (Ge JQ et al., 2021b), Copyright 2021, with permission 
from Elsevier
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PIV observation and measurement experiment plat‐
form to obtain images of the bubble group cavitation 
effect under different experimental conditions. The 
maximum velocity of the fluid processing medium in 
the constrained finishing region of the SAF tool was 
22.8 m/s, while the maximum movement velocity of 
the fluid medium after cavitation in the constrained 
finishing region of the cavitation soft abrasive flow 
finishing (CSAF) tool was 46.2 m/s.

At present, most PIV research methods use 2D 
scales for quantitative analysis of abrasive particles or 
bubble particles (Zheng et al., 2023a, 2023b). How‐
ever, the abrasive flow medium is a complex fluid 
motion in a 3D physical space in SAF. The PIV obser‐
vation method at a 3D scale should be used to further 
explore the interactions between the particle and wall 
and between the particle and bubbles.

6 Development and application prospect of 
SAF 

Modern science and technology are developing 
rapidly, and the surface accuracy requirements of vari‐
ous precision components are becoming more and 
more stringent (Wang et al., 2021). The core compo‐
nents often determine the overall performance of the 
instruments and equipment, such as the thin-wall 
curved aerospace components, biomedical functional 
components, electronic information, and optics com‐
ponents (Lyu et al., 2022, 2023). The SAF surface fin‐
ishing method has good prospects for development 
and application in the future because of its technical 
advantages such as good adaptability of processing 
structure, low processing stress, high precision of 
material surface removal, energy savings, and envi‐
ronmental protection.

6.1 Thin-walled curved component finishing

Thin-walled curved components are widely ap‐
plied in the aerospace industry due to their excellent 
physical and mechanical properties of light weight 
and high strength. However, they are prone to defor‐
mation and brittle collapse during processing due to 
their complex form of force. Traditional machining 
methods often make it challenging to achieve high sur‐
face accuracy while ensuring the accuracy of the sur‐
face profile. For example, an aircraft blade is a typical 

thin-walled curved workpiece. Its edge radius of cur‐
vature is very small, and a small compressor blade 
can even reach the Ra=0.1 mm level, which makes the 
finishing process very difficult.

The SAF method is a relatively efficient surface 
processing method because it creates good flexible 
contact with the surface and has special technical ad‐
vantages for the processing of complex structural sur‐
faces. Li JY et al. (2017) studied the influence of the 
abrasive flow polishing temperature on the quality of 
engine nozzles at the mesoscopic scale. The findings 
indicate that the highest-grade abrasive flow polishing 
may be achieved between 300 and 310 K. Li YB et al. 
(2021) proposed a thin-walled curved surface liquid 
metal abrasive flow ultra-precision finishing method 
based on abrasive particles. This was a useful attempt 
to solve the problems of the thin-walled curved sur‐
face of titanium alloy (Fig. 16). The results showed 
that the processing uniformity of each area of the 
workpiece surface was improved substantially. The 
roughness of the processing region reached 20.3 nm. 
This study offers a theoretical and experimental refer‐
ence for exploring the processing mechanism of liq‐
uid metal abrasive flow.

6.2 Biomedical functional component finishing

Because of their high biocompatibility, titanium 
alloy materials have a wide range of applications in 
biomedical fields, such as the manufacture of artifi‐
cial hip and knee joints, dental implants, and joint 
plates. Their performance is highly dependent on the 
surface morphology in practical applications. Artifi‐
cial parts such as hip and knee joints often move rela‐
tive to each other due to limb movement after implan‐
tation. Rougher surfaces may increase friction between 
multiple joint surfaces, thereby reducing the service 
life of the artificial joint components in the implanted 
human limb and the normal movement of the limb. 
Therefore, it is essential to polish these machined 

Fig. 16  Schematic illustration of the liquid-abrasive flow 
finishing method
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artificial parts to a high surface quality to enhance the 
user experience and normal life of the patient receiv‐
ing the artificial joint. Due to the structural character‐
istics of the curved surfaces of most artificial joints, 
such as large changes in curvature and many tiny 
structures, it is difficult to polish them accurately 
using conventional machining techniques. The SAF 
method is the most promising option to meet the spe‐
cific needs of high-precision processing of artificial 
joint surfaces due to its good adaptability to complex 
surfaces.

Zhang et al. (2015) presented a partially covered 
constrained complex surface turbulent precision fin‐
ishing method to solve the processing issues associat‐
ed with the complex surfaces of artificial joints of tita‐
niferous alloy material. The results of the trial demon‐
strated the efficiency and viability of this strategy. 
Zhang et al. (2017) presented a gas compensation-
based abrasive flow (GCAF) finishing method to im‐
prove the uniformity and efficiency of complicated ti‐
tanium alloy surfaces (Fig. 17). The results showed 
that the method can effectively improve the process‐
ing efficiency and workpiece surface texture process‐
ing uniformity. The average surface roughness of the 
processing region reached Ra=0.3 μm, and the surface 
morphology approached less than 10 μm (Fig. 18).

6.3 Electronic information component finishing

Electronic information materials include the so-
called hard and brittle materials. They serve as the 
main components of precision measurement systems 
such as masks and substrates for microfluidic chips 
(Lyu et al., 2023). The degree of accuracy of the 
workpiece surface has a significant impact on the 
performance of the precision measuring equipment. 
As measurement accuracy standards continue to im‐
prove, higher demands are being placed on the sur‐
face quality of critical components. Compared with 
the conventional tool-contact polishing approach, the 

fluid machining method can mitigate the over-impact 
effect produced by big particles or contaminants with 
its high degree of flexibility. As a result, scratches and 
surface damage may be effectively eliminated.

For silicon wafers, many researchers have exper‐
imented with SAF technology for surface polishing. 
Ge et al. (2018) proposed the GLSP method for mono‐
crystalline silicon material. The method enhances the 
processing ability of abrasive particles by introducing 
the microbubble collapse effect. The energy released 
by bubble cavitation in the confined space increases 
the processing efficiency by 50%, and the surface 
roughness of the material in the confined processing 
region can reach Ra=2.84 nm (Figs. 19 and 20).

6.4 Optics component finishing

Precision optical glass occupies an important 
position in modern precision instruments and large 
equipment. The surface processing of precision opti‐
cal glass is an important research direction for SAF. 
Many scholars have carried out in-depth studies and 
accumulated informative results.

Zhao et al. (2020a) proposed the SARF polishing 
method, which enables high-speed rotational processing 

Fig. 17  GCAF experimental platform

Fig. 18  Effects of using the proposed GCAF processing 
method on an artificial joint base entity: (a) before processing; 
(b) after 20-h processing. Reprinted from (Ge JQ et al., 
2021b), Copyright 2021, with permission from Elsevier
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of the abrasive fluid processing medium between the 
processing tool and the workpiece. Experiments 
showed that this processing method can significantly 
reduce the damage on the machined surface of large-
size K9 optical glass, and also improve the flatness 
and uniformity of the machined surface. After 1.5 h of 
machining, the surface roughness reached Ra=4.51 nm, 
which was 87.9% lower than the original roughness 
(Figs. 21 and 22).

Aiming to precisely polish glass-based micro-
fluidic chips, Ge et al. (2022) proposed an ultrasonic 

coupled abrasive jet polishing (UC-AJP) method. The 
UC-AJP polishing system was developed to improve 
the efficiency of AFJM, and comparative polishing 
experiments with various amplitudes were carried out. 
The polishing efficiency was effectively improved 
through the pulse effect. The roughness Ra reached 
0.049 μm after polishing using the UC-AJP method, 
with an amplitude of 20 μm.

SAF has gradually developed into an important 
branch of precision machining methods for finishing 
the surface of difficult-to-machine materials (Tan et al., 
2023). However, previous studies have lacked com‐
plete sets of processing equipment, and there have 
been few attempts to put the processed products into 
practical use (Wang et al., 2021). In future, the re‐
search and development of special equipment for 
SAF and the practical testing and application of pro‐
cessed products should be strengthened.

7 Conclusions 

Abrasive flow machining (AFM) technology has 
been developing for 60 years, and with the increasing 
demand for precision machining, new surface machin‐
ing technologies are being explored. The SAF method 
is becoming a new branch of abrasive flow surface 
finishing technology. Numerous research results have 

Fig. 19  A surface processed by the GLSP method: (a) before 
processing; (b) after processing. Reprinted from (Ge et al., 
2018), Copyright 2017, with permission from Springer 
Nature

Fig. 20  Surface topography data obtained by the SAF (a1 and a2) and GLSP (b1 and b2) methods. Reprinted from 
(Ge et al., 2018), Copyright 2017, with permission from Springer Nature
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been published in recent years, providing a new direc‐
tion of exploration for achieving precision surface ma‐
chining of many difficult-to-machine materials. More 
in-depth research is needed in the following areas:

(1) The fluid phase of the multiphase processing 
medium is a combination of gas and liquid phases, 

while the solid phase consists of discrete abrasive par‐
ticles. The kinetic movement mechanism and evolu‐
tionary pattern are very complex. In SAF processing, 
the accurate modeling and numerical solution of the 
fluid flow characteristics, processing mechanism, en‐
ergy released by the cavitation effect, and particle–
microbubble interaction in a turbulent flow state will 
be important aspects of subsequent research.

(2) To improve the processing efficiency of SAF 
and further clarify the material removal mechanism of 
abrasive particles in various processing situations, more 
detailed research is needed on the research methods 
used in various auxiliary energy fields and to explore 
new technological directions.

(3) Combined with the processing theory of the 
SAF method, the processing effect can be improved 
by more than one order of magnitude by changing the 
type and size of the abrasive material and developing 
new processing technology, which can be further ap‐
plied to the ultra-precision polishing of hard and brit‐
tle material parts, such as those made of sapphire or 
quartz.

(4) Research is needed to develop new processes 
and equipment based on the SAF method, which can 
offer new solutions to bottleneck technical problems 

Fig. 21  Overall image of a workpiece surface processed 
using the SARF polishing method. Reprinted from (Zhao 
et al., 2020a), Copyright 2020, with permission from Elsevier

Fig. 22  Measurement of the surface roughness by: (a) grinding process; (b) SARF process; (c) grinding process and 
measurement of the surface 3D plot; (d) SARF process and measurement of the surface 3D plot. Reprinted from (Zhao 
et al., 2020a), Copyright 2020, with permission from Elsevier
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in the manufacture of key components in the fields of 
aerospace, high-end chips, and precision optics.
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