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ABSTRACT: Grinding is widely used in orthopedic surgery to remove bone tissue material, but due to the complex and brittle
structure of bone, it is prone to mechanical stresses that cause cracks and damage to the bone tissue. Furthermore, bone replacement
materials typically have high hardness, strength, and brittleness, which lead to increased tool wear and damage, such as cracks and
deformation during grinding. Therefore, ensuring the surface quality of bone and replacement materials during the grinding process
has become a critical issue. This necessitates the development of grinding force models that consider various processing parameters,
such as feed rate and cutting depth, to guide industrial production. However, currently, research on the grinding force prediction
models for bone tissue and its replacement materials is relatively scarce, and there is a lack of corresponding grinding force model
reviews for unified guidance. Based on this, this article focuses on bone grinding technology and, conducts a critical comparative
analysis of the grinding force models for bone tissue and its replacement materials, and then summarizes the grinding force
prediction models in the grinding process of bone tissue and bone replacement materials. First, according to the material types and
material removal mechanisms, the materials are categorized into bone tissue, bio-inert ceramics, and bio-alloys, and the material
removal process during grinding is analyzed. Subsequently, the grinding force prediction models for each material and the accuracy
errors of each model are summarized. The paper also reviews the application of these grinding force prediction models, explaining
how processing parameters such as feed rate and cutting depth influence grinding forces and their interrelationship. Finally, in light
of the current issues in the grinding of bone tissue and replacement materials, potential future research directions are proposed, aiming
to provide theoretical guidance and technical support for improving the grinding quality of bone tissue and its replacement materials.
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1. Introduction

Bone grinding technology plays a crucial role in clinical medicine, particularly in the fields of bone tissue repair,
joint replacement, and fracture healing [1]. With the aging population and the increasing prevalence of orthopedic
diseases, the demand for high-precision and high-efficiency processing of bone tissue and replacement materials in
orthopedic surgery is also rising [2]. As a high-precision machining technique, bone grinding has made significant
progress in shaping bone and implant materials [3], surface treatment [4], and optimizing contact performance [5], and
has gradually become one of the important methods in the manufacturing of modern orthopedic medical devices and
repair materials. At the same time, with the rapid development of biomedical engineering and materials science [6],
especially improvements in biocompatibility, durability, and mechanical properties, the types and applications of bone
tissue and replacement materials have expanded [7]. Notably, bioalloys, ceramics, and other replacement materials are
widely used in artificial joints, spinal implants, and craniofacial repairs [8]. The processing of these materials requires
not only precise techniques [9] but also strict biological compatibility and mechanical adaptability to ensure the long-
term stability of the implants and the effective recovery of patients [10].

https://doi.org/10.70322/ism.2025.10003
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Bioalloys can integrate well with human tissues (such as bones and soft tissues), avoiding immune rejection and
meeting the clinical requirements for mechanical properties and biodegradability [11]. Common bioalloys include
titanium alloys, cobalt-based alloys, and magnesium alloys. With titanium alloys and magnesium alloys showing
significant advantages in clinical bone replacement [12]. Titanium alloys are lightweight, have high specific strength,
and can provide mechanical strength similar to that of bone [13]; they also have excellent corrosion resistance, meaning
they do not corrode even during long-term use in the body [14]. Titanium has good biocompatibility and is unlikely to
cause allergic reactions, which is why it is widely used in artificial joints, fracture fixation devices, and dental implants
[15]. Magnesium alloys, on the other hand, have a density and mechanical properties closer to that of bone, along with
unique biodegradability [16]. This means that magnesium alloys are gradually absorbed by bone tissue during use in
the body, unlike traditional metallic materials that persist for long periods, greatly reducing the likelihood of
complications and the need for secondary surgeries. Additionally, magnesium ions promote bone growth and repair,
enhancing bone density and strength [17], which demonstrates the tremendous potential of magnesium alloys in bone
defect repair and tissue engineering [18].

Bioceramics are a class of ceramic materials that are biocompatible and can be used long-term in a biological
environment without causing immune rejection [19]. They are widely used in medical fields such as bone repair, joint
replacement, and dental implants [20]. Bioceramics are classified into three main types: bioinert ceramics, bioactive
ceramics, and biodegradable ceramics [21]. Among them, bioactive ceramics promote bone healing and bond with bone
tissue, but they have relatively low mechanical strength, are prone to brittle fracture, and cannot withstand high loads,
making them unsuitable for areas requiring long-term weight-bearing [22]. Biodegradable ceramics can gradually
degrade and promote bone repair, but their degradation rate is difficult to control [21]. If the degradation occurs too
quickly, it may lead to insufficient support from the implant, affecting the bone healing process and even causing
fractures or instability [22]. Compared to these two types of ceramics, bioinert ceramics combine the advantages of
both while overcoming their drawbacks [23]. Bioinert ceramics exhibit a lower risk of immune reactions during
interaction with biological tissues, effectively reducing rejection phenomena [24]. Moreover, these ceramic materials
can resist the corrosion of body fluids, extend the service life of implants, and possess excellent load-bearing capacity,
making them suitable for applications involving heavy loads [25]. Therefore, bioinert ceramics (such as alumina Al,Os3
andzirconia ZrO;) are commonly used materials in clinical bone replacement due to their unique properties [26].

In the processing of bone tissue repair, joint replacement, and implant materials before they are applied to the
human body, grinding is an essential and crucial step [27]. Through grinding, the shape, size, and surface smoothness
of implants can be precisely adjusted to ensure a perfect fit between the implant and bone tissue or joint surfaces,
enhancing their biocompatibility and functionality. However, the grinding process may cause some defects in the
material: during the grinding of bone tissue, excessive grinding force may result in irreversible damage [28], such as
excessive harm to the bone tissue and surrounding nerve tissues, which affects healing [29], Although bioalloys (such
as titanium alloys) have good mechanical properties [30], microcracks or surface roughness may be generated during
grinding, affecting their long-term stability [30]. Bioinert ceramics like alumina and zirconia, while having high
hardness and wear resistance, are prone to brittle fracture or surface microcracks during grinding [31], which reduces
their mechanical properties and may even affect their long-term use in the body [32-36]. Therefore, reducing grinding
force during the process, improving the processing quality of bone tissue and replacement materials, and ensuring
machining accuracy are important factors in the development of bone grinding technology [17,37—42].

Many scholars have studied the grinding forces generated during the grinding process of bone repair and bone
replacement materials [42]. Research has found that the variation in grinding force is influenced by a combination of
processing parameters such as spindle speed, feed rate, cutting depth, and ultrasonic vibration frequency [43]. As shown
in Figure 1, a visual analysis of the relevant literature on grinding bone and replacement materials was conducted using
data analysis of VOSviewer. The keyword clusters in the figure are mainly composed of “bone”, “ceramics”, “grinding”,
etc. The size of the bubbles represents the frequency of the appearance of the keywords, and the crisscross lines in the
middle reflect the corresponding correlations among the keywords. Among them, the green cluster mainly includes
“bone”, “biocompatibility”, efc., which is mainly about the research on relevant properties. The red cluster is for the
research on grinding, grinding processing and related defects. The yellow and blue clusters, respectively, correspond to
the research on the mechanical properties of bioceramics and bioalloys. It can be clearly found that in the research on
the grinding force of bone replacement materials, the research on the grinding force and prediction models is relatively
scarce, and the respective characteristics of materials will also have a non-negligible impact on the grinding quality
during the grinding processing. Meanwhile, when establishing the grinding force prediction model, emphasis should be
placed not only on the processing parameters but also on crucial factors such as physical behaviors, surface integrity,



Intelligent and Sustainable Manufacturing 2025, 2, 10003 3 of 35

inherent mechanical properties of the materials, and other relevant factors. Therefore, establishing a grinding force
model for the grinding process is both a necessary and challenging task. However, literature searches reveal that research
on grinding forces for bone tissue and replacement materials has primarily focused on the effects of different processing
parameters on grinding force and surface quality, with relatively little research on the theoretical aspects of grinding
force prediction models. Furthermore, there is a lack of comprehensive reviews on the grinding force models for bone
tissue and replacement materials.
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Figure 1. Keywores co-occurrence network map.

The research approach of this paper is shown in Figure 2. The paper analyzes bone tissue and two types of
replacement materials: bioinert ceramics and bioalloys. It examines the material removal mechanisms for each of the
three materials and, based on the differences in material removal principles, analyzes and summarizes the grinding force
prediction models under various variable conditions for bone, bioalloy, and bioinert ceramic materials. The applications
of each model are also summarized, and the effects of different processing parameters on the grinding force are explored.

To address the aforementioned issues, this paper proposes future research directions for the grinding technology of
bone tissue and bone replacement materials. It summarizes the grinding force prediction models for bone tissue and
replacement materials during the grinding process. The paper presents grinding force prediction models for bone,
bioinert ceramics, and bioalloys, which are established based on different material removal mechanisms. These models
are developed from various perspectives and approaches. Additionally, the paper summarizes the application of grinding
force prediction models and related experimental validations. It explores the influence and mapping relationships between
different processing parameters, such as feed rate and, cutting depth, and grinding force. The aim is to provide theoretical
guidance and support to improve the processing quality during the grinding of bone tissue and its replacement materials.
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Figure 2. Review narrative logic.

2. Biological Bone Tissue
2.1. Material Removal Mechanism

Biological bone tissue is a hard and brittle biological tissue with complex structures and anisotropic properties
[44-48]. These characteristics enable bone tissue to withstand various forms of stress and loads. From the perspective
of mechanical properties, the arrangement of osteons and the directional layout of interstitial laminae in the
microstructure are decisive factors. Together, they contribute to the significant anisotropic characteristics of biological
bone in terms of elastic modulus, shear strength, and fracture toughness [49—53]. Mechanical processing methods for
biological bone tissue include grinding, milling, drilling, and energy field-assisted processing, among which grinding
is a relatively commonly used method for processing biological bone tissue.

In the grinding process of bone tissue, micro-grinding is one of the most common methods (as shown in Figure 3).
Micro-grinding involves the removal of a small amount of bone tissue multiple times using fine abrasive particles on a
micro-grinding tool to ensure precision and safety in operation. During the grinding process, grinding forces and
grinding heat are inevitably generated. These forces and heat, when acting on human tissue, can inevitably affect the
surrounding tissues and, in severe cases, lead to irreversible damage to neural tissue. Wang et al. [54] reviewed the
material removal mechanisms and mechanical behaviors of biological bone materials under different processing
techniques, outlining the current development status of bone materials and the challenges they face. There is a risk of
material cracking or damage during the grinding of biological bone tissue, posing a significant challenge in orthopedic
surgery. In particular, when the undeformed chip thickness (4m) falls between the minimum chip thickness and the
critical thickness for plastic deformation, the heat generated during the grinding process is relatively low, effectively
avoiding thermal damage to the biological bone tissue.

Regarding the grinding mechanism of biological bone materials, Yang et al. [S5] proposed a new process method
involving ultrasonic vibration-assisted nanoparticle spray cooling. This method effectively reduces grinding forces and
grinding heat compared to other processes. Yang et al. [56] established models for the maximum undeformed chip
thickness (/max) and heat flux density. Experiments showed that, compared to spray cooling, as the volume fraction of
nanoparticles increased, the surface temperature of the bone showed a downward trend. Additionally, considering the
size effect of the transition from ductile to brittle behavior, mathematical models were developed for the minimum chip
thickness and critical undeformed chip thickness in micro-grinding of biological bone. Therefore, biological bone
material is a quasi-brittle, high-density viscoelastic composite. During material removal, it generally undergoes both
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plastic removal and brittle fracture. Grinding forces and grinding temperatures have a significant impact on the grinding
process of bone, so the material removal process must be discussed and analyzed when constructing a grinding force model.

(a)

Grinding Burr ,'é'z 2
'0

I
I
I
I
I
I
I

vf (Feed velocity)

A (Area)

( d) Perpendicular Diagonal

Normal Normal

1293 m/s lateral

19.63 m/s

Figure 3. Grinding models in Danda’s study: (a) Schematic diagram of grinding, (b) area swept by elements of the grinding tool,
(¢) parallel grinding, (d) perpendicular grinding, (e) diagonal grinding, (f) relative motions at 30°, (g) relative motions at 60°, (h)
relative motions at 90°.

2.2. Grinding Force Mode

Zou et al. [57] determined the total grinding force by calculating the aggregate number of grains engaged in the
grinding process and subsequently developed a bone grinding force model. This model offers enhanced precision in
calculating the magnitude of the three-directional grinding force. Their research revealed that the anisotropy of bone
tissue significantly influences the grinding force, particularly in relation to the spindle inclination angle and feed
direction. Notably, variations in the spindle inclination angle result in changes in the linear velocity of the grains, which
in turn affect the grinding force. However, this model has not yet taken into account the influences of abrasive particle
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size, movement trajectory, and material properties of bone tissue on the model, as well as the applicability of the model. By
formulating hypotheses regarding the grain count, the component forces along the x, y, and z axes can be derived as:

(Fu(0)+Fa ()
(Fu(0)+F (1) 0

(F.(i)+F, (i)

where 7y, ry, and r, are unit vectors in the X, y, and z directions, respectively, Fi is the tangential force, and F&, is the
normal force.

In 2017, Danda et al. [58] introduced a predictive mechanical model for assessing force variations during bone
spur grinding in a three-dimensional setting, as shown in Figure 3. This model was grounded on the specific energy of
cutting and the rate of material removal. To ascertain the model’s validity, they conducted experimental validations
using various grinding angles and feed directions. The findings revealed that during the actual grinding of bone tissue,
a noticeable oscillating force emerges in the profile. However, this force’s occurrence was unrelated to whether the
grinding burr was in direct contact with the bone tissue, thus having minimal influence on the calculations. The model
exhibits certain merits in computing grinding efficiency and specific grinding energy. However, the model ignores the
characteristics of bone materials and fails to take into account the anisotropy of bone.
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In 2022, Gaziano et al. [59] employed a multiscale modeling approach tailored for elastic damage analysis to
precisely delineate the macroscopic anisotropic mechanical properties of bone tissue. They utilized the finite element
method to replicate the progressive failure of bone tissue under stress, enabling an examination of the brittle damage
patterns occurring between bone tissue layers, as depicted in Figure 4. Numerical simulations of bone tissue under
different loading conditions were performed to verify the validity of the model. In the actual analysis of bone tissue
structure, it cannot be assumed to be isotropic as in conventional analysis. Bone tissue is a multilayered composite
anisotropic material, and therefore, different forms of failure in different layers need to be considered. In analyzing the
form of damage to the outer bone tissue, reference can be made to the quadratic Brewer-Lagace criterion, where only
the three-way stress component leads to failure, which can be expressed as:

mor(2) (5 (5)

where or, 0w, and oy, are the three-way stresses, and Sy and S, are the forward tensile and shear strengths, respectively.
As for the inner layer failure mode, it can be considered from both the maximum principal stress criterion and the Von
Mises criterion. If the maximum principal stress criterion is considered, the expression is:

max{0,0,,0,,0,} min{0,0,,0,,0,}

, 4
Sl:m S ) ( )

lam

E

lam

(o) = max

Consider the Von Mises criterion, the expression is:

F,(0)= ;tr(s)z /s )

where s is the deviation part of G.
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Figure 4. Anisotropic analysis of bone tissue: (a) tensile test, (b) torsion test, (¢) bending test.

Sun et al. [60] proposed the asymptotic law of grinding arc length under the action of rotational ultrasound, on the
basis of which they established a mathematical model for the maximum deformed chip thickness under ultrasonic
vibration, as shown in Figure 5. Their findings indicate that ultrasonic vibration enhances the thickness of undeformed
chips and broadens the debris removal area, thereby facilitating a reduction in grinding force. Utilizing this model, the
grinding force in the X, y, and z directions can be formulated as follows:

o H, uhftan@(tanze + 2)1/2 I:l sin[ p(t) ] dt
= +

24
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Figure 5. Ultrasonic vibratory grinding force model in Sun’s study: (a) abrasive tool motion trajectory diagram, (b) abrasive grit
motion trajectory, (¢) abrasive grit multiaxial motion trajectory, (d) abrasive grit motion trajectory at different levels.

In 2024, Zhu et al. [61] established a finite element model for ultrasonic vibration-assisted (UVAG) grinding of
cortical bone based on kinematic equations. By integrating experimental data, they establish a quadratic regression
model to investigate how machining and vibration parameters influence the grinding force. Experimental findings reveal
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that the grinding force initially declines and then gradually increases with an increase in amplitude. The equation used
to predict the grinding force can be formulated as:

F =6.64+0.0142v+0.0238/—1.6244—0.000001v* —0.001344

()]
+0.05149.4% +0.000209v/ —0.000157vA +0.003904A4
Table 1 lists the relevant parameters and model errors of the grinding force model of biological bone tissue.
Table 1. Bone grinding force model.
Processing Reference Tool Type Orientation (Relative to Bone Unit Model
Method P Orientation) Accuracy
. L Parallel, perpendicular, diagonal
[58] Diamond grinding needles 30°, 60°. 90° /
. . . Parallel, perpendicular, diagonal o
Grinding [57] Diamond spherical grinding tool 30°, 60°, 90° <23%
[62] Diamond micro-grinding tool 90° /
[60] Diamond spherical grinding tool 90° 4.12%~13.98%
[61] Diamond spherical grinding tool 90° <20%

2.3. Application of Models

Zhu et al. [63] examined the grinding forces under varying machining conditions and types of grinding wheels.
The direction of machining significantly influences the grinding force, with the cross-sectional grinding force exceeding
the side grinding force, which is greater than the surface grinding force. Additionally, the diamond grinding wheel
produced a lower grinding force compared to the aluminum oxide grinding wheel. Zou et al. [57] analyzed the
magnitudes of the three-directional grinding forces across various working conditions. Their findings revealed notable
variations in these forces attributed to anisotropy. Additionally, adjustments in spindle inclination alter the grain’s linear
velocity, thereby influencing the grinding force.

Gaziano et al. [59] analyzed the form of failure of bone tissue stratification from the perspective of anisotropy, comparing
the manifestation of bone failure and the change of force under different loading conditions, as shown in Figure 6.
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(a) (b) ()

Figure 6. Influence of force: (a) effect of elongation on stress, (b) effect of torsion angle on torque, (¢) effect of deflection length
on cutting force.

Liao et al. [64] analyzed the chip fracture process, incorporating both dynamic and static perspectives. They
experimentally gathered data on thrust and total cutting forces, varying by depth and direction during the cutting process.
They also calculated three-directional milling and thrust forces, taking into account bone anisotropy [65], as depicted
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in Figure 7. By examining the dynamic components of the cutting force, it is evident that the transverse cutting force’s
dynamic components increase significantly in the FC cutting mode, whereas they remain relatively subdued in the SC

cutting mode.
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Figure 7. Cutting force variations: effect of (a,b) different directions and depths, effect of (c,d) uncut thickness of anisotropic bone tissue.

3. Biologically Inert Ceramics

3.1. Material Removal Mechanism

Bio-inert ceramic materials, such as alumina (Al,O3), zirconia (ZrO,), silicon nitride (Si3N4), and silicon carbide
(SiC), have become important materials in the biomedical field due to their excellent mechanical properties and
chemical stability. The grinding processing cost of bioinert ceramics covers multiple aspects such as equipment wear
and tear, tool consumption, coolant usage, labor input, and losses due to processing rejects. Among them, the grinding
force plays a crucial role. A higher grinding force will accelerate tool wear, shorten tool life, and increase tool
replacement costs. At the same time, it may lead to a decline in the surface quality of the workpiece and the generation
of rejects, wasting raw materials and processing time and thus driving up the overall cost. By effectively controlling the
grinding force through optimizing processing parameters, selecting appropriate tools and grinding fluids, etc., tool wear
can be reduced, the reject rate can be decreased, and thus the processing cost can be significantly reduced, improving
production efficiency and economic benefits, and realizing the cost control and optimization of bioinert ceramic cutting
and grinding processing. However, during grinding processes, these ceramic materials often suffer from surface damage
issues such as cracks, pits, and residual stresses [66—69]. Additionally, due to their high hardness and brittleness, ceramic
materials are prone to stress concentration during processing. Unlike metals, which can absorb energy through plastic
deformation when subjected to external forces from abrasive grains [70-73], ceramic materials are more likely to
develop cracks or even fractures. Furthermore, the low thermal conductivity of ceramic materials makes it difficult for
the heat generated during processing to dissipate quickly, leading to localized overheating and, subsequently, thermal
cracks [74—76]. Therefore, analyzing the grinding mechanisms and mechanical behaviors of ceramic materials is crucial
for addressing the aforementioned issues.
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Ceramics are hard and brittle materials, and during grinding, plastic deformation, crack initiation, and propagation
occur within the material. Accurate elaboration of these phenomena serves as a theoretical foundation for establishing
ceramic grinding force models. As shown in Figure 8, during grinding, the abrasive grain and the workpiece undergo
physical behaviors such as elastic deformation, plastic plowing, ductile removal, and brittle removal within the contact
arc. Bifano et al. [77] found that the grinding depth of the abrasive grain on the workpiece is the primary factor
influencing the material removal mechanism during grinding. When the grinding depth exceeds the critical grinding
depth, the removal mechanism of brittle materials shifts to plastic removal. Yang et al. [78] observed that the removal
mode in the multi-scale grinding process of ceramic materials originates from the difference in protrusion height of
abrasive particles, characterized by the coexistence of ductile, brittle, and mixed removal modes. Sun et al. [79]
conducted nano-scratch experiments to analyze the material removal mechanism of lithium aluminosilicate glass-
ceramics. Based on the experimental data, they provided a more detailed definition of the critical fracture cutting depth
originally described by Bifano. The results of these scratch tests revealed that as the scratch length increases and the
normal load increases, the material removal process undergoes three stages, as shown in Figure 8b: elastic deformation
scratch stage, plastic plowing stage, and brittle fracture stage. Zhang et al. [80] investigated the grinding force
characteristics of ceramics and glasses, finding that the removal mechanism of brittle materials mainly depends on crack
propagation during micro-scale grinding. Additionally, Baraheni et al. [81] established a grinding crack propagation
equation for silicon nitride ceramics based on plastic deformation and brittle fracture using Vickers hardness correlation
and indentation fracture mechanics theory.
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Figure 8. (a) Ceramic grinding material removal process; (b) Ceramic grinding material removal stage.

Furthermore, the grinding method also influences the material removal process in ceramics. In conventional
grinding, the material ahead of the cutting edge of the abrasive grain is compressed, and chips form when the stress
value exceeds the bearing limit of the ceramic material. Simultaneously, due to compressive stress and frictional heat,
the material below the abrasive grain undergoes local plastic flow to form a deformed layer. After the abrasive grain
passes, the deformed layer detaches from the workpiece due to the disappearance of stress, forming cutting chips. The
ceramic surface may exhibit a mixture of plastic flow and fragmented chip-type damage, with obvious strip-like
grinding marks, i.e., intergranular fragmentation damage. Ultrasonic-assisted grinding introduces ultrasonic vibration
during the grinding process to alter the trajectory of the abrasive grains. In ultrasonic-assisted grinding, the motion
trajectory of the abrasive grains becomes a sinusoidal curve due to the introduction of ultrasonic vibration, making the
cutting path of the abrasive grains on the workpiece more complex and further increasing the material removal rate. At
the same time, the motion trajectories of adjacent abrasive grains intertwine to form a net-like grinding surface, further
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improving the surface quality of the workpiece. Li et al. [82] established a theoretical model for the normal grinding
force based on ultrasonic vibration-assisted grinding trajectories and scratch tests, and studied the removal mechanism
of SisN4 ceramics in ultrasonic vibration-assisted grinding. They found that ultrasonic vibration-assisted grinding is
beneficial for improving surface quality. Qiao et al. [83] compared the cutting force, scratch morphology, and removal
mode between traditional grinding and ultrasonic vibration-assisted grinding of SizNs4 ceramics and analyzed the
removal mechanism and crack suppression effect of SizN4 ceramic materials under ultrasonic vibration. They found that
as the scratch spacing increases, the crack suppression effect between scratches gradually decreases.

3.2. Grinding Force Model
3.2.1. Zirconia Ceramics

In the study of conventional grinding of zirconia ceramics. Xie et al. [84] carried out a comprehensive and
systematic investigation into the grinding mechanisms of high-speed deep grinding and the damage mechanisms
associated with ceramic materials. They developed grinding force equations for individual abrasive particles interacting
with zirconia ceramics under two distinct material removal mechanisms: plastic deformation and brittle fracture.

Grinding force of grinding process based on brittle fracture:

Fi'=2Np,Lh,, +N(nétan’ OHh’ —2p,)1,h, +2NS ph,,I.
T
F = NpLh_ + N x 10
2tan @ Petofoar 4tan @ (10)
(m&tan® OHR —2p, )1 h, +24NS ph,, I,

Grinding force of grinding process based on plastic deformation:

F/ =n,Etan’ ONHE, I +2NSph, [

max ¢

_ (1)
Fe = %ftanz ONHI. 1. +2uNSph_ I

max-c

where 7o is a constant ranging from 0 to 1; £ is the geometric factor of the indenter, where for a Vickers indenter, &= 2;
@ is the half-angle of the apex of the indenter or abrasive particle; H is the hardness of the material; N is the number of
abrasive particles contained in a unit volume; S, is the normal force exerted by a single abrasive particle due to friction
force; I. is the arc length of contact in the grinding zone. P. is the cutting force during brittle removal in grinding
processing; A, is the critical cutting depth for ductile removal; and /max is the maximum undeformed chip thickness.

Researchers have long investigated the mechanical properties of zirconia ceramics during grinding to improve
machining quality. However, challenges such as the brittleness of ceramics, difficulty in machining, high tool wear, and
edge breakage continue to make ceramic machining difficult [85,86]. Traditional grinding methods have proven
ineffective for ceramic processing, as they rely on a shear-based cutting mechanism that leads to fracture due to the material’s
brittleness [87]. As a result, non-traditional assisted grinding techniques have been developed to overcome these challenges.

Xiao et al. [88] investigated the combined effects of plastic removal and brittle fracture mechanisms on the cutting
force model in the Ultrasonic Vibration-Assisted Side Grinding (UVASG) process of ceramics. They proposed a
theoretical cutting force model for UVASG that simultaneously considers both plastic flow removal and brittle fracture
removal mechanisms. Figure 9 illustrates the schematic of UVASG. Through this model, readers can better understand
the ultrasonic-assisted grinding force under the two removal modes, which is highly innovative. However, this model
has not yet considered and explored the ultrasonic action modes, such as the auxiliary mode of ultrasonic vibration and
multi-dimensional compound ultrasonic vibration.
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Figure 9. Schematic diagram of UVASG: (a) Schematic diagram of UVAG processing;(b) Ductile and brittle zones in UVASG.
Ductile Zone Cutting Force Model:
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Brittle Zone Cutting Force Model:
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The number of active abrasive grains:
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The final cutting force model for the UVASG process is:
K-nN H 2 o a

F="—r —a"v —az,tan—~‘/tan2—+2~t +(t,—t)-

60 (3 gc 2 2 1 (2 1)
(15)

2 2
agmax (ld + lb) - agcld gtanz g)
6l, 2

where ay. is the critical depth of cut, V;is the theoretical removal rate of a single diamond abrasive grain, V; is the total
material removal rate, H, indicates the hardness of the workpiece, ¢ is the geometric factor of the indenter, a. represents
the cutting width, 4, is the contact height between the tool side and the workpiece, Kjc is the fracture toughness of the
workpiece material, aqueq 1s the average cutting depth, agmax represents the maximum cutting depth, /, is the trajectory
length of a single diamond grain in the brittle zone, /; is the trajectory length of a single diamond grain in the ductile
zone, a is the angle between two opposing edges of the diamond abrasive grain.

On the basis of one-dimensional ultrasonic vibration, scholars have introduced two ultrasonic vibrations for
assisted grinding. The surface quality of the workpiece is further improved, and the surface damage, such as roughness
and cracks, is reduced [89-91]. As shown in Figure 10, two-dimensional ultrasonic vibration mainly involves coupled
vibrations and includes three primary types: longitudinal-bending [92], double-bending [93], and longitudinal-torsional
[94,95]. Among these techniques, longitudinal-torsional coupled ultrasonic vibration (LTC-RUM) stands out as the
preferred choice for machining hard and brittle materials, primarily due to its straightforward structure and
straightforward implementation process.
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Figure 10. Ultrasonic Vibration Machining in Different Modes [96].

Researchers have extensively studied longitudinal-torsional coupled ultrasonic vibration grinding, but models
related to LTC-RUM face grinding are rare. Chen et al. [97] described a cutting force model for LTC-RUM of zirconia
ceramics (as shown in Equation (16)).

9/8 8/9
3v, H)P K =v)* AR C P (D; - DY)t (72[ —arcsin(l — j)J

L

F=

: 8. ARn(=x ) (16)
8K FIBC2ETSSV (cotw) | 4 2 T 1— n T 1—
00 (coty) ( - sin( (2 arcsin( 4 ) 30/ 2 arcsin( AL)

where iy = 45° represents the half-angle at the tip of the abrasive grain, 4 is the proportional coefficient, C, denotes the
concentration of abrasive grains, S is the abrasive grain size.

The cutting process of zirconia ceramics includes both ductile and brittle phases. Bie et al. [98] examined the
motion of individual abrasive grains, cutting depth, and material removal rate corresponding to each phase. They
developed a cutting force model for the end-face grinding of zirconia ceramics using LTC-RUM, which considers both
the ductile and brittle phases of material removal. This model can predict the grinding force relatively accurately.
However, during the establishment process, some variable conditions were assumed and simplified in a rather idealized
way (for example, all abrasive particles are spherical, of the same size and completely rigid, and the impact of abrasive
particles on the cutting force on the peripheral surface of the cutting tool was ignored, etc.). In the actual grinding
process, these variable conditions are uncontrollable.

The number of active abrasive particles in end-face grinding:

2(d, +d,)hy, K

Ve c
N (D} D¢ s 1_}? = W2~ (L2 (2 )

By calculating the average cutting forces associated with each mode, the final cutting force is obtained:

3 303
4NE[(2rgde -h, 0 )2 L, + rgzhbaveszfJ

3, (1-v*)L

Fo (18)

where K¢ is the fracture toughness; K, represents the dynamic fracture toughness; /.. is the average indentation depth;
Ky is the crack volume coefficient.
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3.2.2. Alumina Ceramic

Xie et al. [99] performed deep grinding experiments and measured the grinding force, finding that alumina ceramics
mainly undergo brittle removal. Based on this, they derived an average grinding force formula for individual abrasive grains.

- _(sin6-F, +cosf-F)\Jd —a,
' Ca)b\/di

Foe (sin@- F, —cosﬁ-Fx)m
. Cob fd,

Later, Xie et al. [84] expanded upon this model to further explore the mechanisms involved in high-speed deep
grinding and ceramic material damage, ultimately establishing a model for the grinding force in engineering ceramics.

(19)

F, =2Nplh,.. + N(n,& tan® OHR? —2p ) b, +2NSph,, [

¢ 'max max ¢

(20)

Vs

Fo=g Nplh_ + yreviihe (my& tan’ OHR —2p, )1 h, +2uNSph,, I,
In the process of studying the grinding force of conventional grinding of alumina ceramics, in addition to adjusting
the size of the grinding force by changing the grinding parameters, the shape of the grinding wheel and the difference
of the grinding surface pattern also has a great influence on the grinding force. Wu et al. [100] developed a new brazed
diamond end-face grinding wheel with micro-textured aligned grains for precise grinding of hard-brittle materials.
Using a laser to ablate micro-grooves and micro-pores on the diamond abrasive surface, they applied this micro-textured
brazed diamond grinding wheel to alumina ceramics and developed a grinding force model based on measured grinding

forces. The workpiece is subjected to two force components, F; and F,, as shown in Figure 11.

Cutting direction !

Figure 11. Geometric Model of Abrasive Particles—Orthogonal Cutting Geometric View.

The relationship between F), F-and F:

F,=F siny
{ 21

F =F, cosy
When the rotation angle is 6, the diamond grains are subjected to the three-dimensional forces F%, Fr, and F:
F.(0)=—F sin@ - F,cos®
F,(0)=F,cos0— F sind (22)
F.=F

k diamond particles cut into the workpiece at different positions, exerting forces in the x, y, and z directions.
k
F. = XF(s =x,p,0r2) 9
iz

The application of ultrasonic-assisted grinding technology in the processing of alumina ceramics has made
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remarkable progress in recent years. Zhao et al. [32] studied longitudinal UVAG of alumina ceramics. By combining
the kinematic theory of longitudinal UVAG with the effective cutting trajectory of a transient single abrasive grain and
transient material removal, they developed a grinding force model and end-face grinding force model for longitudinal
UVAG of alumina ceramics (shown in Figure 12).

Spindle speed w
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Figure 12. Effective cutting path of a single abrasive particle in longitudinal ultrasonic vibration-assisted end grinding.

Tangential and normal components of end face grinding force:

6/7
o 2o, (ch*)m H" 2
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Longitudinal UVAG grinding force model:
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3/2 3/2 2/3 1/2 ,8/9 * 1/2 2
7 _(Cﬂ'@R J‘*‘{C c2? |a VMJ ¢, ¢ cb(KIC ) v,
n—\\———— 1_

A, \/272'11 R{(v.)' +(44r) |
CC,zOR*a’*n, ¢*R |a ¢ la, v
Ffz( 1 o L J+{cz e A\/R:i+63 = ?"V— + (25)
c 1/203/96,6 (K C*)
\/2;m R|(v.)' +(447) |

3.2.3. Silicon Nitride Ceramics

Fu et al. [101] tackled the intricacies and imprecision of current surface roughness (Ra) prediction models by
introducing a novel prediction model specifically for SizsN4 ceramics, formulated from a frequency domain viewpoint
and grounded in a dynamic grinding force framework (as shown in Figure 13). This model has fully quantified the
characteristics of the grinding wheel, including abrasive wear, quantity distribution, and the undulation height of single
grains. However, it ignores the thermal deformation, elastic deformation, and grinding heat effect between the grinding wheel
particles and the materials.
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Figure 13. Grinding schematic diagram.

Dynamic grinding force model:

1
¢l 2 nd b,n, (27msvw(l + ;12))2

F,= T
120(h,, + d, )
. \ 2 : (26)
2K+ H? (wv n)? tana|2ha, +a,, |(t, —t
k";{ :) ( < lgh) 274 +{ Ha,, tan’
n (2hw + 2agmax )E

3.2.4. Silicon Carbide Ceramics

Cao et al. [102] developed predictive models for normal and tangential forces in UVAG of silicon carbide ceramics.
Their analysis focused on the length of uncut chips generated by the relative motion between the grinding wheel and
the workpiece, as well as the cutting action of individual active grains. The relative motion between the grinding wheel
and the workpiece is shown in Figure 14.
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where R, represents the wheel radius, R, is the workpiece radius.

Ye et al. [103] combining theories on material removal characteristics of silicon carbide ceramics, grinding
principles, and brittle material fracture mechanics, developed a cutting force prediction model for longitudinal torsional
ultrasonic vibration grinding of SiC ceramics.

HY K" ‘(1 2 )6 OV g g 1

a c e P

7 2 o4 42 24 24 (28)
E-cot (ay/2)-E”-S,-A"-n"-r

F=K

Table 2 presents the categories of cutting force models along with their associated errors for diverse types of bio-
inert ceramics, categorized according to various machining techniques.

Table 2. Mechanical model of bio-inert ceramics.

Workpiece Machining .
Material Methods References Model Categories Error
[84] Cutting force model under plastic deformation. /
Cutting force model for under brittle fracture.
[88] i(l)rrllcs)iclelrmg both plastic flow removal and brittle fracture 14.40%
Grinding force model under longitudinal-torsional
(7] couplingg ¢ 16%
Conventional TN . . - .
Zirconia ceramics [98] Sﬁgcei;ng force model incorporating both ductile and brittle 6.975%
Grinding force model for micro-textured diamond grinding
[100] wheels. /
99 Unit grinding force model for grinding wheels in high- /
[84] speed deep grinding. /
Ultrasonically [104] Single particle grinding force model under two- /
Assisted dimensional ultrasonic vibration.
. Dynamic grinding force model for single crystal grain o
Silicon nitride Conventional [101] scratch based on ductile-brittle removal. 19.51%
ceramics Ultrasonically [103] Longitudinal-torsional ultrasonic vibration grinding force <15%
Assisted model based on brittle fracture. °

3.3. Application of Models

The force models of bioinert ceramics are essential in the design and manufacturing of medical devices. The force
model helps assess the mechanical characteristics of materials under physiological conditions, guaranteeing their
robustness and longevity, thereby boosting the safety and efficiency of implants.

3.3.1. Zirconia Ceramics

Xie et al. [84] conducted experimental validations of the grinding force equations corresponding to the two material
removal mechanisms—plastic deformation and brittle fracture—during zirconia ceramic grinding. The results show
that the grinding force increases with the increase of the grinding depth and the feed rate, whereas it diminishes as the
wheel speed accelerates. Additionally, the influence of grinding parameters on the plastic cutting force is more
significant compared to their impact on the brittle fracture cutting force. Xiao et al. [88] formulated a theoretical cutting
force model for ultrasonic vibration-assisted lateral grinding of ceramics, encompassing both plastic flow and brittle
fracture removal mechanisms. This model demonstrates a direct correlation between grinding force and feed rate as
well as cutting width and an inverse relationship with spindle speed (as depicted in Figure 15). An increase in vibration
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amplitude leads to a reduction in cutting force, whereas the vibration frequency exhibits a negligible influence.
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Figure 15. Predicted the relationship between cutting force and input variables: (a) the relationship between Spindle speed and Cutting
force, (b) the relationship between Feed rate and Cutting force, (¢) the relationship between Cutting width and Cutting force, (d) the

relationship between Vibration amplitude and Cutting force, (e) the relationship between Vibration frequeecy and Cutting force.

Chen et al. [97] validated a proposed cutting force model for LTC-RUM of zirconia ceramics, finding a maximum
deviation of less than 16% between predicted and experimental results. Figure 16 shows that spindle speed and
ultrasonic power reduce cutting force, while feed rate increases it. Spindle speed and feed rate have a more significant

impact than ultrasonic power.
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Figure 16. The relationship between machining parameters and cutting force variations: (a) spindle speed; (b) feed rate; (c)

ultrasonic power.

Bie et al. [98] experimentally verified the proposed integrated cutting force model for single abrasive material
removal mechanism and cutting force considering the ductile and brittle phases that exist in the cutting process of
zirconia ceramics, as well as explored the relationship between various machining parameters and the experimental and
predicted cutting forces. As shown in Figure 17, the predicted cutting force aligns with experimental results, decreasing
with increasing spindle speed and ultrasonic power and increasing with feed rate and cutting depth.
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Figure 17. The relationship between the predicted and experimental cutting force and different machining parameters: (a) spindle
speed, (b) feed rate, (¢) cutting depth, (d) ultrasonic power.

3.3.2. Alumina Ceramic

Xie et al. [99] verified a formula for calculating the average grinding force of abrasive grains during efficient deep
grinding of ceramics. The results show that the average grinding force of the abrasive grains decreases with the increase
of the grinding wheel speed but increases with the increase of the grinding depth. In 2011, Xie et al. [84] proposed a
grinding force model for high-speed deep grinding of alumina ceramics. Their experiments demonstrated that the
grinding force decreased with higher wheel speeds and lower feed rates or grinding depths.

Cheng et al. [105] employed a micro-drilling grinding force model, utilizing undeformed chip thickness as a
benchmark, to perform micro-drilling experiments on alumina ceramics. They examined the fluctuations in grinding
force and its amplitude across various feed rates. The experimental results indicated that when the axial feed is set to
50 um, the vertical feed rate is 6mm/min, and the spindle speed is approximately 3000 r/min, the grinding force remains
relatively low and stable, whereas the amplitude continues to rise. The comparison of experimental data with the model
revealed consistency, as illustrated in Figure 18.

B Experimental force
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Figure 18. Micro-drill grinding force change diagram: (a) The relationship between Spindle speed and Cutting force, (b) The
relationship between Spindle Speed and Vibration amplitude, (¢) The relationship between Cutting depth and Cutting force.
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3.3.3. Silicon Nitride Ceramics

Sun et al. [106] investigated the removal mechanisms of silicon nitride ceramics under high-speed grinding through
internal surface grinding experiments on ceramics. The results presented that increasing wheel speed and reducing
grinding depth effectively lower grinding force and improve surface quality. Compared to grinding depth, grinding
speed has a more significant impact on both the grinding force and surface quality of the workpiece. Among them, as
the grinding wheel speed increases from 55 m/s to 60 m/s, the grinding force fluctuates significantly. Through analysis,
it is found that the fluctuations in the change of the grinding force are closely related to brittle fracture, and the factor
of brittle fracture has a great impact on the surface morphology of the material.

Fu et al. [101] utilizing a genetic algorithm to optimize model parameters. The average relative error between the
experimental and theoretical values was 19.51%, with an average grinding force error of 9.37%. The predicted error
ranges for Fp and F, are shown in Figure 19, with Fp ranging from 15.90% to 24.96% and an average of 19.51%, while
F, ranges from 3.46% to 11.93%, with an average of 8.69%.
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Figure 19. Research results (a), (b) comparison of theoretical prediction results; (¢) Prediction error of dynamic grinding force model.

3.3.4. Silicon Carbide Ceramics

Li et al. [107] validated a micro-grinding force model tailored for silicon nitride ceramics, incorporating factors
such as random abrasive distribution, grinding trajectories, and various deformation stages of materials. Their analysis
showed that plowing and fracturing are the primary removal mechanisms, with model predictions closely matching
experimental findings. The average deviations for normal and tangential forces were 6.793% and 8.926%, respectively.
Additional experiments were conducted to investigate the relationships among grinding depth, grinding speed, and feed
rate, as illustrated in Figure 20. The results indicated a linear positive correlation between cutting depth and grinding
force, where the grinding force increases with increasing cutting depth. As the feed rate rises, the grinding force also
increases, whereas an increase in wheel speed leads to a gradual decrease in grinding force.

[ Experimental tanential force
[l Predictive tangential force
erimental normal force
3 | I predictive normal force

6000 10,000 15,000 20,000 5 3 2 10 15 20
7 (r/min) @, (um) Vyp (mm/s)

(a) (b) (©

Figure 20. The relationship between grinding force with (a) grinding depth, (b) grinding speed and (c¢) feed speed.

Table 3 present the impacts of processing parameters on cutting force, respectively, for various types of
biocompatible inert ceramics when subjected to different machining methods.
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Table 3. Relationship between bio-inert ceramics and cutting force.

22 of 35

Machining Workpiece

Processing Parameters

. References Vs yw ap n A f Tool Influence
Methods Material m/s mm/min /mm__ r/min _/pm_ /kHz
[84] 128 ?388 } / / / resin bond diamond
grinding wheel
120 5000 0.5

Zirconia [88] / 300 150 2800 5 205 /

ceramics [97] / 10 /3000 5 3516 #6.0:180 dﬁa“g’“d COf®  Grinding forces Fy and F decrease with the
ﬁlgg g(l)g d.ea d increase of vs, while they increase with greater

[98] / 80 8 7000 30 3532 erinding }112%"“ core values ap and vy,
120/140#resin bonded
Grinding Alumina [%9] 40 1200 ! / / / diamond grinding wheel

Ceramic [84] 30 3 mm/min”! 1 / / / resin bond diamond

grinding wheel
300 0.01 2500 resin bond diamond Grinding forces F, and F decrease with the
Sili rid [101] / 180 0.02 1500 / / cindine wheel increase of vs, and increase with the increase of
ilicon nitride 300 0.005 3500 srnaine W ap and vy.
coramics 240#resin bond diamond
[106] 0.4 / 4 / / / rindine wheel The grinding force is proportional to the grinding
S bid ST b £ adi q depth, though the rate of increase is gradual and
ilicon carbide [107] ) 3 ) / / / resin bond diamon stable.

ceramics

grinding wheel
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4. Biological Alloys
4.1. Material Removal Mechanism

Titanium alloys and magnesium alloys are commonly used alloy materials in the field of bone replacement. During
the cutting and grinding process of bioalloys (such as titanium alloys, etc.), the cost composition is rather complex,
involving several key parts such as the depreciation and wear of equipment, the frequent replacement of cutting tools,
the consumption expenditure of grinding fluid, the labor input of personnel, and the losses caused by rejects due to
processing errors. The grinding force plays a vital role in this process. When the grinding force is at a relatively high
level, the cutting tool will suffer more severe wear, and its durability will be greatly reduced, resulting in a significant
increase in the frequency of tool replacement, directly raising the tool procurement and maintenance costs. At the same
time, it is also very likely to cause defects such as scratches and burns on the surface of the workpiece, making it difficult
for the product quality to meet the standards and turning into rejects. This not only causes the unnecessary waste of
precious raw materials but also consumes a large amount of processing time and energy, ultimately leading to a
continuous increase in the overall cost. Conversely, if the grinding force is controlled within a reasonable range through
methods such as precise adjustment of grinding parameters, careful selection of suitable tool materials, and optimization
of the grinding fluid formula, the tool wear rate can be effectively reduced. This, in turn, decreases the likelihood of
rejects and enables better control and optimization of the cutting and grinding costs of bioalloys, significantly enhancing
both production efficiency and economic benefits.

Belt grinding is one of the common grinding processes for titanium alloys, as shown in Figure 21. During the belt
grinding process, three common abrasive effects—friction, plowing, and cutting—coexist in the grinding zone. When
the belt wears severely, it becomes difficult to accurately describe the relevant grinding mechanisms and precisely
control the workpiece quality. In response to this, Wan et al. [108] analyzed the abrasive wear mechanism of single
diamond grains in flexible scribing of titanium alloys during belt grinding. Through a series of theoretical and
experimental work on flexible scribing of titanium alloys with single-crystal diamond, the results indicated that grain
size has a significant influence on the wear of diamond abrasive grains. Zhao et al. [109] experimentally investigated
the grinding mechanism of individual diamond clusters in alloy flexible scratching. The results showed that force and
temperature are the primary factors affecting the wear of diamond clusters, while the influence of friction speed is
relatively minor compared to the former.

Abrasive belt

Rubber layer

Contact wheel

Deformation area

Material
removal layer

. i

Cutting Ploughing Rubbing

After elastic deformation

e s ' s it ' i

J Workpiece
F. g, Workp

Figure 21. Principle of belt grinding.

Different processing methods can also have an impact on the material removal mode. Compared to conventional
grinding (CQ), ultrasonic vibration-assisted grinding (UVAG) significantly improves the material removal rate. Cao et
al. [110] conducted a comparative study of CG and UVAG processing methods for Inconel 718 nickel-based superalloy.
The results showed that UVAG significantly reduced the grinding force and surface roughness by approximately 11%
and 10%, respectively, compared to CG processing, with fewer surface defects on the processed surface. When the
vibration amplitude was 6 um, the surface roughness reached its minimum value. Nik et al. [111] used UVAG to process
Ti-6Al1-4V alloy and found that the normal and tangential forces were reduced by 13.5% and 14.2%, respectively, while
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the surface roughness in the feed direction decreased by about 10%. Gao et al. [112] observed that the surface treated by
UVAG exhibited many obvious and uniform intermittent protrusions with a certain periodicity, and the surface was dense.

4.2. Grinding Force Model
4.2.1. Titanium Alloy

During the grinding of titanium alloys, plastic deformation is prone to occur. Additionally, the titanium element is
susceptible to chemical reactions with elements such as carbon and nitrogen in the tool material, as well as oxygen in
the air, due to the grinding temperature. This can easily lead to adhesion phenomena. Adhesion exacerbates the wear of
the grinding wheel and significantly reduces the quality of the workpiece. Due to the different shapes and random
distribution of abrasive grains, it is challenging to establish an accurate grinding force model under adhesion conditions.
In response to this, Ren et al. [113] took the adhesion phenomenon generated during the grinding of titanium alloys as
the basis and analyzed the intrinsic relationship between the grinding force and the percentage of adhesion area. They
established a mathematical model for the grinding force under adhesion conditions for titanium alloy grinding. This
model is also applicable to other materials that exhibit adhesion phenomena. However, due to the randomness of the
shape of abrasive grains and their distribution on the surface of the grinding wheel, as well as the difficulty in controlling
the geometric angles of the cutting edges, and considering that the bonding agent will also have an impact, the grinding
process is rather complicated. Therefore, it is difficult to establish a relatively accurate mathematical model for grinding.

Titanium alloys, due to their excellent biocompatibility, low density, corrosion resistance, and other properties, are
widely used in orthopedic implants such as bone plates, bone screws, artificial joints, etc. Due to the small size of these
implants, traditional grinding wheels cannot guarantee the required machining accuracy, so CBN grinding heads are
typically used for finishing. Zhu et al. [114] found that there is currently limited research on predictive models for
cutting forces in CBN grinding heads and analysis of chatter stability in the machining of titanium alloy thin-walled
components both domestically and internationally. Furthermore, most current grinding force models are applicable to
traditional grinding wheel grinding. Therefore, they established a side grinding force model for CBN grinding heads
based on single abrasive grains for the machining of TC4 titanium alloy thin-walled parts (As shown in Figure 22).
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Figure 22. Side wear motion analysis: (a) schematic diagram of side grinding; (b) Schematic diagram of force model of a single
grain in side grinding.
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where, b is grinding head width, c is the coefficient related to the distribution density and shape of abrasive grains, dse
is the equivalent diameter of the grinding head, € is the semi-angle of the a single grain, 4, is the proportional coefficient
related to the number of static grinding blades.

When the processing area of titanium alloy is large, disc grinding is an effective grinding method to improve the
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surface quality and machining accuracy of the workpiece. Based on the theory of flexible abrasive disc grinding, Duan
et al. [115] considered the contact state between abrasive grains and the workpiece, and conducted experiments with
different variables to establish a theoretical model for the normal grinding force in titanium alloy disc grinding from
both macroscopic and microscopic perspectives. This model reveals the relationship between the grinding force and
grinding parameters. From a macroscopic perspective, as shown in Figure 23a,b, the workpiece is assumed to be a rigid
body, and the deformation force of the disc abrasive tool during elastic deformation when it contacts the workpiece
surface is considered as the normal contact force. From a microscopic perspective, as shown in Figure 23c¢, the grinding
force of a single abrasive grain is considered as the sum of the cutting deformation force and the friction force.

Before After Grinding direction

deformation

deformation

i Chip
Spindle "~ \
- \\\‘ ff e b
Rubber disc \\ v \ 4,
b *
Workpiece = b
] 5 ¥
/! 4 )
/ . B
O ; (b)
[ RS ] [ < 77=" Contact region

Figure 23. Grinding wheel disc grinding analysis: Contact status between the abrasive tool and the workpiece, (a) before
deformation and (b) after deformation; (¢) Modeling of a single abrasive grain in the grinding process.

Macroscopic Grinding Force:

4 3
F=3 B RS (30)
Microscopic Grinding Force:
) 3(1-a) 3(1-a)
Fn:Al(lnrs—lnrO)+3(l—_2a)(rs 2 - 2) (31)

In the field of ultrasonic-assisted grinding, Liu et al. [116] observed that current research on ultrasonic-assisted
grinding of titanium alloys mostly focuses on one-dimensional ultrasonic assistance, and there is relatively little research
on the grinding mechanisms. Therefore, they conducted longitudinal-torsional ultrasonic-assisted grinding (LTUAG)
processing with TC4 titanium alloy as the research object and established an LTUAG force model (as shown in Figure
24). This model aims to explore the wear patterns of grinding wheels during LTUAG of TC4 titanium alloy and improve
the grinding efficiency and wheel life. The grinding force in this model is composed of two parts: the tangential and
radial deformation resistances acting on the front surface of the abrasive grains and the tangential and radial friction
forces between the bottom surface of the abrasive grains and the workpiece surface.
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Figure 24. LTUAG Single grain grinding force diagram.
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where, b is the torsional ultrasonic vibration amplitude, 4 is the longitudinal ultrasonic vibration amplitude, f; is the
torsional-ultrasonic vibration frequency, £, is the longitudinal ultrasonic vibration frequency, ¢ is the phase difference
between longitudinal and torsional vibration.

4.2.2. Magnesium Alloy

Magnesium alloys are highly favored in the field of biomedical implant materials due to their elastic modulus
similar to human bone and excellent biocompatibility. However, their insufficient wear resistance and corrosion
resistance in the human environment, along with excessively fast degradation rates, may result in the implant losing its
effectiveness before the bone has fully healed. Therefore, reducing the surface roughness of magnesium alloys and
enhancing their surface integrity to improve their wear and corrosion resistance is crucial. Additionally, polishing the
surface of magnesium implants not only optimizes their surface quality but also provides favorable conditions for
subsequent thin-film plating and drug-coating processes. Due to the flammability and brittleness of magnesium alloys,
traditional processing methods are difficult to use for their surface polishing. In response, Li et al. [117] proposed a
composite magnetic pole device for surface grinding treatment of AZ31B magnesium alloy and established a grinding
force prediction model (as shown in Figure 25).
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Figure 25. Magnetic abrasive finishing: (a) Schematic drawing of planar MAF; (b) Force state of a single magnetic abrasive powder.
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Table 4 lists the relevant parameters and model errors of the bio-alloy grinding force model.
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Table 4. Bio-alloy grinding force model.

Workpl.ece References Model Categories Error
Material
[113] Based on material adhesion phenomenon 14.40%
Titanium alloy [114] based on the actual geometry and abrasive characteristics of CBN grinding head ~ 16%
[115] Based on macro and micro theory 6.975%
[116] Based on single grain grinding force /
Magnesium alloy [117] g:;iz}:sgnetic field force generated by the magnetic poles on the abrasive /

4.3. Application of Models
Titanium Alloy

Feng et al. [118] conducted simulation analysis on their constructed grinding force model for diamond wheel
grinding of titanium alloys, and based on the simulation results, performed experimental analysis to explore the
influence of changes in processing parameters on the grinding force of the grinding wheel. Theoretical analysis of the
force state of the grinding wheel was also carried out, based on both theoretical and experimental results, it was found
that as the grinding wheel speed increases, the grinding force gradually decreases, while an increase in feed rate and
grinding depth leads to an increase in the grinding force. When the processing parameters change, the change trends of
both the theoretical and experimental values tend to be consistent, with the average theoretical and experimental error
within 5%.

Liu et al. [119] conducted belt grinding experiments to investigate the changing characteristics of grinding force
during the belt grinding process of titanium alloys. The experimental results, as shown in Figure 26, indicate that when
the belt speed decreases, the feed rate of the workpiece increases, leading to a gradual increase in the belt grinding force.
It was also observed that as the grinding force increases, the number of surface scratches on the workpiece increases,
increasing surface roughness.
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Belt speed v, (m/s) Feed speed v,,(mm/min)
(a) (b)

Figure 26. The influence of processing parameters on the belt grinding force: (a) Belt speed, (b) Feed speed.

Zhang et al. [120] conducted experimental validation on their established milling and grinding force model for
titanium alloy spherical grinding heads and analyzed the influence of processing parameters on the grinding force. The
experimental results indicate that the grinding force gradually decreases as the spindle speed increases. Specifically,
when the spindle speed increases from 1000 r/min to 4000 r/min, the grinding force decreases by 60%. Additionally, as
the feed rate and grinding depth increase, the grinding force also increases. When the feed rate increases from 40
mm/min to 160 mm/min, the milling and grinding force doubles. Similarly, when the milling and grinding depth
increases from 0.02 mm to 0.05 mm, the milling and grinding force increases from 0.85 N to 2.49 N.

Wang et al. [121] conducted experimental validation on a single abrasive grain grinding force model established
based on the relationship between the deformation force of abrasive chips and the cross-sectional area of abrasive grains,
as well as the relationship between normal pressure and indentation depth. They also established a connection between
the grinding force of a single abrasive grain and the grinding force per unit width. The experimental results show that
the grinding force increases approximately linearly with the grinding depth of the grinding wheel. Reducing the grinding
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depth of the grinding wheel and the feed rate of the workpiece can effectively decrease the grinding force per unit width.

Huang et al. [122] simplified the contact model between the contact wheel and the workpiece based on Hertzian
contact theory, analyzed the principle of ultrasonic vibration belt grinding, and studied the motion characteristics of
abrasive grains with ultrasonic assistance. By dividing the grinding force into two components: the cutting deformation
force and the friction force, they analyzed the influence of ultrasonic vibration on both. Experimental results indicate
that the introduction of ultrasonic vibration can effectively reduce the grinding force. This is because ultrasonic vibration
can effectively increase the grinding speed of abrasive grains, change the grinding direction, and simultaneously reduce
the uncut deformation thickness and the friction coefficient, thereby decreasing the friction force generated during
cutting. Under the coupling of these effects, ultrasonic vibration can effectively reduce the grinding force. Qin et al.
[123] also studied ultrasonic-assisted grinding of titanium alloys and proposed a physics-based prediction model for the
grinding force in ultrasonic-assisted grinding of titanium alloys. This model was validated and analyzed through
grinding experiments. As shown in Figure 27, the grinding force gradually decreases as the spindle speed increases.
Conversely, an increase in feed rate leads to an increase in the grinding force.

400
320
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== A=003mm A A=004mm —©-A=005mm ‘ | —¥~S=1000 rpm —A—S=2000 rpm ——-5= 3000 rpm
(a) (b)

Figure 27. The influence of spindle speed and feed speed on grinding force: (a) Spindle speed, (b) Feed rate.

Lan et al. [124] combined the mechanochemical effect with ultrasonic vibration in the grinding process of titanium
alloys and conducted ultrasonic grinding experiments on the surface and side of titanium alloys. As shown in the
experimental results depicted in Figure 28, the mechanochemical effect can further reduce the grinding force during
ultrasonic-assisted grinding. With the increase in ultrasonic amplitude, the reduction in grinding force gradually
increases, indicating a significant synergistic effect between the two.
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Z
—20% ¢ Ezo% L Z20% w
=
10% | —e—Amplitude 10% _ 10% .
—o—Spindle speed —eo—Feeding speed
0% 1 1 0% 1 1 1 0% 1 1 1
0 5 10 15 2000 4000 6000 8000 10,000 0 10 20 30 40
Alim n/rmp v,//(mm/min)
(a) (b) (©)

Figure 28. Effects of different processing parameters on ultrasonic assisted grinding force: (a) Aumplitude, (b) Spindle speed, (c)
Feeding speed.

The relevant grinding parameters and effects in the application of the bio-alloy grinding force model are shown in Table 5.
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Table 5. The relationship between grinding force and machining parameters of biological alloy.

Processing Parameters

‘?\]/(I);:(el;ligcle References Vs VYw ap n A f Tool Influence
m/s mm/min /mm #/min /um /kHz
960 50 0.03 Di d
[118] 1440 70 003 / / . (;;m"vlvlheel
1440 50 0.0l . Grinding forces F, and
Spherical Fi decrease with the
Titanium [120] / 40 0.02 4000 / / polishing tool  increase of vs, while
alloy Borazon they increase with
[121] 24 030m/s 03 / / grinding wheel  greater values a, and
Diamond Vw
[123] / / / 300 30 20 arinding wheel
[124] / 20 20 4000 0-10 PCD tool

5. Conclusions and Prospects

5.1. Conclusions

This paper comprehensively summarizes the prediction models of grinding force during the grinding process of

bone tissue and alternative materials. Based on different material removal mechanisms, the grinding force prediction
models for bone, bioinert ceramics, and bioalloys are established. The influence and mapping relationship between
different processing parameters (such as feed rate and cutting depth) and grinding force are explored overall. It provides
theoretical guidance and support for improving the grinding quality of bone tissue and its substitute materials. The main
conclusions are as follows:

(M

)

A3)

Due to the heterogeneity and anisotropy of bone tissue material, its complexity during actual processing is more
pronounced compared to metallic materials. Currently, research on grinding force models mainly focuses on
mechanical models and numerical models, which are validated by experimental data for accuracy. These models
have shown unique advantages in parameter optimization and improving processing quality. For example, the
model developed by Sun [60] takes into account the geometric features of abrasive particles, ultrasonic vibration
parameters, and dynamic changes in the contact arc length. Experimental validation shows that the average errors
in the X, y, and z axes are 10.37%, 6.85%, and 7.81%, respectively, effectively proving its applicability.

Bioinert ceramics are hard and brittle materials with high brittleness and hardness, and grinding is often used in
their machining. In grinding force prediction models, factors such as plastic removal, brittle fracture, ductile-to-
brittle transition, crack formation, and maximum undeformed chip thickness are typically considered. The error
range for grinding force models is between 3.5% and 22.78%. Model validation has shown that, in conventional
grinding, cutting force decreases as wheel speed increases, while grinding force increases with higher feed rates
and cutting depths. In ultrasonic-assisted grinding, higher ultrasonic amplitude and frequency result in a reduction
in cutting force. Compared to conventional grinding, the cutting force in ultrasonic-assisted grinding is reduced by
approximately 30%.

Bioalloy materials primarily remove material through plastic deformation. In the study of grinding force prediction
models, the effects of abrasive particle size, shape, wheel type, and processing parameters are often considered.
The changes in related elements within the alloy material also need to be taken into account, such as the tendency
for titanium alloys to chemically react with carbon, nitrogen, and other elements in the tool material, leading to
adhesion phenomena. The error range of bioalloy grinding force models is between 6.975% and 16%.

5.2. Prospects

(M

Current grinding force models for biological bone tissue are primarily based on the assumptions of homogeneity
and isotropy, and are researched based on the cutting theory of metallic materials in the field of machining.
However, these models deviate from the true mechanical properties of bone materials and the actual experimental
results, limiting the accuracy and practical applicability of the theoretical models. Therefore, it is necessary to
develop a heat transfer and cutting force theoretical model tailored to the non-homogeneous and anisotropic
processing characteristics of bone tissue. Additionally, existing models often consider only a limited set of factors.
Future models could incorporate multiple factors (including heat generation, cutting force, tool deformation, changes in
friction conditions, efc.) to construct a more comprehensive, multi-factor grinding force prediction model.
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(2) Current research on grinding force prediction models for bioinert ceramics mainly focuses on applying general
removal mechanisms for hard and brittle materials rather than conducting detailed studies on the removal
mechanisms specific to different types of ceramics. Furthermore, these models do not fully account for the material
property differences between bioinert ceramics and other hard and brittle materials (such as glass), as well as
between different types of ceramics. As a result, the accuracy of existing grinding force models is somewhat limited,
and further in-depth exploration and research are urgently needed.

(3) Although traditional alloy materials exhibit good stability and durability in the human body, their long-term
implantation may lead to adverse effects such as infections and rejection reactions. Additionally, their non-
biodegradable nature poses extra challenges in medical waste disposal. Therefore, the development of
biodegradable medical materials is particularly important. Furthermore, given the high hardness and strength of
alloy materials such as titanium alloys, using conventional cutting tools results in significant tool wear, relatively
short tool life, high surface roughness, and insufficient precision in the machined parts. As a result, exploring and
developing new cutting tool materials and technologies will be one of the key directions for future research.
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