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!ōǎǘǊŀŎǘ 

Orthopedic conditions such as craniosynostosis and osteonecrosis of the 

femoral head (ONFH) are highly concerning due to their high incidence rates, 

surgical complexity, and potential for severe postoperative complications. In 

craniosynostosis surgery, grinding techniques can generate the risk of thermal 

buildup, which poses a serious threat to surrounding brain or nerve tissues and 

irreversible complications. In ONFH surgery, it also involves complex procedures 

(including incision, guide wire insertion, drilling, curettage, and bone 

implantation), which introduces significant risks such as fractures and recurrent 

non-traumatic bone necrosis.  

To address the above issues, three innovative surgical tooling solutions are 

developed using additive manufacturing techniques in this thesis. 

(i) Ceramic hollow grinding tool 

For craniosynostosis surgery, the 3D-printed ceramic hollow grinding tool is 

proposed and fabricated to facilitate the coolant delivery into the bone grinding 

area, thereby generating more effective cooling performance. The CFD 

simulation and experiments prove that the new design enables more coolant to 

reach the surgery zone, limiting the heat accumulation and flushing away 

removed bone debris. In the in vivo test, the new tool produces less apoptosis 

and edema area to the rat brain in comparison with that of conventional tools. 

(ii) Closed-loop temperature control grinding device 

For craniosynostosis surgery, the novel grinding device is proposed to 

continuously monitor the grinding temperature and precisely apply coolant 
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when needed. The customized grinding tool is created with the embedded 

temperature sensors and the coolant channels. Our device effectively maintains 

the grinding surface temperature within the surgeon-defined range, with the 

latency of less than 1 second. Furthermore, our design not only ensures the 

coolant spray outlets remain unobstructed by debris during grinding, but also 

effectively removes debris at the interface. Our design might reduce the risk of 

potential complications, such as bone hyperplasia. 

(iii) Multifunctional ceramic tool 

For ONFH surgery, the multifunctional ceramic surgery tool is innovatively 

designed and additively manufactured for early-stage ONFH treatment. The 

multifunctional tool can not only act as a drilling tool, but also retain itself in the 

drilled hole as a bone scaffold. At the meantime, the tool can delivery active 

ingredient (Vitamin C) for fast recovery. The proposed tool is additively 

manufactured with the inter-connected pore structures (with the porosity of 

50%, 70% and 80%). The tool not only meets required mechanical properties, 

but also shows drug releasing function with controllable diffusion rates in the 

experiments. The ceramic tool with Vitamin C coating also enhances cell 

adhesion and accelerates cell growth based on the osteoblast induction 

assessment. 

The above three designed tools minimize complication occurrence in 

craniosynostosis and ONFH surgery, opening new opportunities for the 

development of orthopedic surgical tools using additive manufacturing 

technology. 
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Chapter 1 Introduction 

мΦм .ŀŎƪƎǊƻǳƴŘ 

1.1.1 Orthopedic disorders 

In recent years, the number of patients with orthopedic disorder conditions is 

rapidly on the rise due to the aging of the global population and modern 

lifestyles characterized by prolonged sitting, lack of exercise, and poor dietary 

habits. In 2023, orthopedic disorder conditions affect approximately 1.71 billion 

people worldwide, accounting for 12.8% of total disease burden according to 

World Health Organization[1, 2]. Common orthopedic conditions include 

osteonecrosis of the femoral head (ONFH), craniosynostosis, arthritis, fractures, 

and spinal disorders. These conditions significantly limit patientsΩ mobility and 

dexterity, and even lead to disability and life threat in severe cases. 

Among the various orthopedic diseases, craniosynostosis and ONFH are widely 

recognized due to their unique pathological characteristics, clinical surgery 

complexity, and the high intraoperative risk. 

(i) Craniosynostosis  

Craniosynostosis is a serious orthopedic disease that mostly occurs in male 

newborns [3]. Approximately 150,000 to 200,000 infants are diagnosed with 

craniosynostosis each year in the world. Craniosynostosis is characterized by 

the premature fusion of one or more cranial sutures, which disrupts the typical 
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growth and development of an infant's skull and craniofacial structures [4]. 

Craniosynostosis may cause serious complications such as intracranial 

hypertension, skull deformity, and intellectual disability (see Figure 1-1 a, b).  

The main purpose of craniosynostosis surgery is to correct skull shape through 

grinding techniques to ensure proper brain development and relieve 

intracranial hypertension. (Figure 1-1 c). The surgical area is close to critical 

brain structures, therefore any small mistakes may result in irreversible and 

even life-threatening brain tissue damage, cognitive impairment, other 

neurological deficits, or severe bleeding. Considering infants are a vulnerable 

group compared to adults, it requires high precision and meticulous attention 

during craniosynostosis surgery. 

(ii) Osteonecrosis of the femoral head 

Osteonecrosis of the femoral head (ONFH) is one of the most common 

orthopedic diseases, with the 2-5 million cases worldwide [5]. ONFH refers to 

the condition where the blood supply to the femoral head is reduced or 

interrupted, leading to ischemic necrosis of bone tissue. This condition 

ultimately results in destruction and collapse of the femoral head. Without 

prompt treatment, the impaired hip joints, pain, stiffness, and limited mobility 

caused by ONFH can severely affect a patient's life and even lead to disability 

(Figure 1-1 d, e). 
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ONFH surgery mainly includes fracture reduction, bone grafting, and joint 

replacement (Figure 1-1 f). The femoral head is situated deep within the hip 

joint, therefore surgical area is restricted, posing major operation challenges. 

Although ONFH may not directly lead to death, this complex and challenging 

surgery can easily result in a high-risk or fatal complications (infection, and 

recurrence of non-traumatic osteonecrosis). The mortality rate after ONFH 

surgery is approximately 0.5% to 1.5% [6]. This rate tends to increase with 

patient's age and presence of complications. 

 

Figure 1-1: Two special orthopedic diseases: (a) patient, (b) CT and (c) surgery of 

craniosynostosis [7, 8]; (a) patient, (b) CT and (c) surgery of osteonecrosis of the femoral head 

[9, 10]. 

1.1.2 Tools in orthopedic surgery 

The development of tools used for craniosynostosis and ONFH surgery is 

garnered significant attentions due to the increasing severity and the number 
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of patients affected by these two conditions. Conventional orthopedic tools 

(such as bone drills and bone grinding tools) require surgeons to manually 

control bone surgery details (such as temperature in the bone surgical area) and 

carefully manage the postoperative site (including removed bone debris), 

resulting in low surgical efficiency and complicated surgical procedures [11]. If 

conventional orthopedic tools are not properly operated, excessive 

temperature in surgical area can lead to bone tissue necrosis, and residual bone 

debris can increase the risk of postoperative infection. Based on above, 

conventional orthopedic tools are considered to be low efficiency and low 

precision, resulting in poor operational stability and high incidence of 

complications. Therefore, conventional orthopedic tools are no longer meet the 

current medical field demands. 

In recent years, innovative cutting-edge technologies such as additive 

manufacturing are infiltrating all aspects of orthopedic tooling solutions. 

Conventional orthopedic tools are gradually being replaced by innovative 

orthopedic tools that are intelligentialized and customized. These innovative 

orthopedic tools utilize sensors and control system to provide real-time surgical 

feedback and assist surgeons in decision-making. Additionally, innovative 

orthopedic tools with specialized porous structures (bone trabecular structures) 

are manufactured using additive manufacturing technology. These tools can be 

applied to bone implants to enhance the growth and adhesion of bone cells. 
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мΦн tǊƻōƭŜƳ ŘŜŦƛƴƛǘƛƻƴ 

º In craniosynostosis surgery, bone grinding aims to remove excessive bone 

tissue through mechanical force, thereby correcting skull deformation or 

reducing bone irregularities [12]. However, the majority of the input power 

is converted into heat during the grinding process, resulting in unbearable 

heat accumulation in the grinded bone tissue. Conventional solid grinding 

tools used in craniosynostosis surgery bounce back a majority amount of 

coolant, resulting in ineffective cooling of the overheated surgical area (see 

Figure 1-2 a). Excessive temperature may damage peripheral brain nerve 

tissue [13] and cause bone cells to die, potentially leading to irreversible 

risks such as vision loss [14], control loss of facial muscle, or stroke [15] (see 

details in Chapter 3).  

º In craniosynostosis surgery, the slight temperature variations in critical 

brain area can lead to permanent or irreversible brain damage (see details 

in Chapter 4). However, surgeons are unable to monitor real-time and in-

process temperature changes in surgical area (see Figure 1-2 b), considering 

the existing cooling strategies for bone grinding are primarily empirical and 

based on skills or experiences. 

º In ONFH surgery, the implantation of artificial bones or other materials into 

a patient's skeletal system aims to repair damaged bone structure and 

restore function and stability. Bone implantation operation is typically 
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performed in the middle and late stages of ONFH. This operation requires a 

large number of surgical tools (such as guide wires, surgical drills, 

cannulated reamers, curettes, etc.) and involves complex surgical steps 

(including incision, guide wire insertion, drilling, curettage, and bone 

implantation) (see Figure 1-2 c), contributing to a high failure rate ranging 

from 20% to 40%. (see details in Chapter 5). 

 

Figure 1-2: Problems in craniosynostosis and osteonecrosis of the femoral head surgeries: (a) 

ineffective cooling due to conventional solid grinding tools; (b) Lack of temperature 

monitoring and control; (c) a large number of surgical tools and complex surgical procedures. 

мΦо {ŎƻǇŜ ƻŦ ǘƘŜ ǎǘǳŘȅ 

To address series of surgical risks caused by conventional tools and surgical 

strategies, this thesis aims to explore innovative tooling solutions for 

craniosynostosis and ONFH surgery in terms of design, fabrication, preliminary 

performances, and real in-vitro or in-vivo tests. The context of this thesis is as 

follows (see Figure 1-3): 
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Chapter 1 provides a general introduction, covering the background of 

orthopedic disorders and tools in craniosynostosis and ONFH surgery (Section 

1.1). Three main issues in craniosynostosis and ONFH surgery are discussed in 

Section 1.2. The thesis structure is explained in Section 1.3. 

Chapter 2 presents the detailed literature review regarding (i) cooling strategies 

in craniosynostosis surgery (Section 2.1), (ii) ONFH surgery (Section 2.2), and (iii) 

additively-manufactured tools (Section 2.3). Research gaps are proposed in 

Section 2.4. 

Chapter 3 proposes the hollow grinding tool to solve the excessive temperature 

during craniosynostosis grinding surgeries. Section 3.1 provides an introduction 

and motivation of the proposed hollow tool. The tool is explained from the 

aspects of design (Section 3.2), fabrication (Section 3.3), coolant permeability 

test (Section 3.4), in-vitro assessment (Section 3.5), and in-vivo assessment 

(Section 3.6). 

Chapter 4 proposes the conformal cooling grinding tool and a novel closed-loop 

temperature control bone grinding device. The proposed tool addresses the 

lack of precise temperature monitoring and regulating in craniosynostosis 

surgical area when using conventional tools and cooling strategies. Section 4.1 

provides an introduction and motivation of the proposed closed-loop 

temperature control bone grinding device. The research is divided into the 

following sections: (i) closed-loop temperature control bone grinding device 
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design (Section 4.2), (ii) conformal cooling grinding tool fabrication (Section 4.3), 

(iii) internal cooling channels CFD simulation (Section 4.4), (iv) closed-loop and 

temperature control test (Section 4.5), and (v) in vitro assessment (Section 4.6). 

Chapter 5 introduces the novel multifunctional ceramic tool that can 

simultaneously act as a bone drilling instrument, a bone scaffold, and an 

ingredient delivery device in ONFH surgery. The proposed multifunctional 

ceramic tool aims to address complex ONFH surgical procedures (including 

incision, guide wire insertion, drilling, curettage, and bone implantation) and 

the excessive employment of tens of surgical tools (such as surgical drill, guide 

wires, cannulated reamers, curettes, etc.). Section 5.1 provides an introduction 

and motivation regarding the reasons for proposing the multifunctional ceramic 

tool. The research is divided into (i) multifunctional ceramic tool design (Section 

5.2), (ii) multifunctional ceramic tool fabrication (Section 5.3), (iii) drug releasing 

test (Section 5.4), (iv) bone drilling test (Section 5.5), and (v) implantation test 

through osteoblast induction assessment (Section 5.6) 

Chapter 6 summaries research work (Section 6.1) and discusses research 

findings and outcomes (Section 6.2), particularly outlining three additively-

manufactured tooling solutions benefits for medical field applications. 
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Figure 1-3: Scope of the study. 
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Chapter 2 Literature review & Research gaps 

¢ƘŜ ƭƛǘŜǊŀǘǳǊŜ ǊǾƛŜǿ ƛǎ ŎŀǊǊƛŜŘ ƻǳǘ ŦǊƻƳ ǘƘǊŜŜ ŀǎǇŜŎǘǎ ǊŜƎŀǊŘƛƴƎ όƛύ ŎƻƻƭƛƴƎ 

ǎǘǊŀǘŜƎƛŜǎ ƛƴ ŎǊŀƴƛƻǎȅƴƻǎǘƻǎƛǎ ǎǳǊƎŜǊȅΣ όƛƛύ ƻǇŜǊŀǘƛƻƴŀƭ ǇǊƻƎǊŀƳǎ ƛƴ hbCI ǎǳǊƎŜǊȅΣ 

ŀƴŘ όƛƛƛύ ŀŘŘƛǘƛǾŜƭȅπƳŀƴǳŦŀŎǘǳǊŜŘ ǘƻƻƭǎΦ ¢Ƙƛǎ ƛǎ ōŜŎŀǳǎŜΣ όƛύ ǘƘŜ ōƻƴŜ ƎǊƛƴŘƛƴƎ 

ǇǊƻŎŜǎǎ ƛƴ ŎǊŀƴƛƻǎȅƴƻǎǘƻǎƛǎ ǎǳǊƎŜǊȅ ŎŀǊǊƛŜǎ ǘƘŜ Ǌƛǎƪ ƻŦ ǘƘŜǊƳŀƭ ōǳƛƭŘǳǇΣ ǿƘƛŎƘ 

Ŏŀƴ ŘŀƳŀƎŜ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ōǊŀƛƴ ǘƛǎǎǳŜ ƛƴ ǘƘŜ ǎǳǊƎƛŎŀƭ ŀǊŜŀΣ όƛƛύ hbCI ǎǳǊƎŜǊȅ 

ƛƴǾƻƭǾŜǎ ŎƻƳǇƭŜȄ ǎǳǊƎƛŎŀƭ ǎǘŜǇǎ ŀƴŘ ǘŜƴǎ ƻŦ ǎǳǊƎƛŎŀƭ ǘƻƻƭǎΣ ǿƘƛŎƘ Ƴŀȅ ƭŜŀŘ ǘƻ 

ŦǊŀŎǘǳǊŜǎ ŀƴŘ ǊŜŎǳǊǊŜƴǘ ōƻƴŜ ƴŜŎǊƻǎƛǎΣ ŀƴŘ όƛƛƛύ ǘƘŜ ŀŘŘƛǘƛǾŜ ƳŀƴǳŦŀŎǘǳǊƛƴƎ 

ǘŜŎƘƴƻƭƻƎȅ ǇǊƻǾƛŘŜǎ ƴŜǿ ǇƻǎǎƛōƛƭƛǘƛŜǎ ŦƻǊ ǘƻƻƭ ǇǊƻŘǳŎǘƛƻƴΦ  

нΦм /ƻƻƭƛƴƎ ǎǘǊŀǘŜƎƛŜǎ ƛƴ ŎǊŀƴƛƻǎȅƴƻǎǘƻǎƛǎ ǎǳǊƎŜǊȅ 

/Ǌŀƴƛƻǎȅƴƻǎǘƻǎƛǎ ǎǳǊƎŜǊȅ ƛǎ ǘȅǇƛŎŀƭƭȅ ǇŜǊŦƻǊƳŜŘ ŘǳǊƛƴƎ ƛƴŦŀƴǘǎΩ ŎǊŀƴƛŀƭ 

ŘŜǾŜƭƻǇƳŜƴǘ ǎǘŀƎŜΦ !ǘ ǘƘƛǎ ǎǘŀƎŜΣ ǘƘŜ ǎƪǳƭƭ ŀƴŘ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ƴŜǳǊŀƭ ǘƛǎǎǳŜǎ 

ŀǊŜ ŦǊŀƎƛƭŜΣ ǎǘǊƛŎǘƭȅ ǊŜǉǳƛǊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ǘƻ ōŜ ǿƛǘƘƛƴ ŀ ǎŀŦŜ ǊŀƴƎŜ ŘǳǊƛƴƎ ǘƘŜ 

ǎǳǊƎŜǊȅ ǘƻ ǇǊŜǾŜƴǘ ƛǊǊŜǾŜǊǎƛōƭŜ ŎƻƳǇƭƛŎŀǘƛƻƴǎΣ ǎǳŎƘ ŀǎ ōƭƛƴŘƴŜǎǎ ŀƴŘ ŎƻƎƴƛǘƛǾŜ 

ƛƳǇŀƛǊƳŜƴǘǎΦ !ŘǾŀƴŎŜŘ ŎƻƻƭƛƴƎ ǎǘǊŀǘŜƎƛŜǎ ōŀǎŜŘ ƻƴ Ŏƻƻƭŀƴǘ ǎǳǇǇƭȅ ǎȅǎǘŜƳǎ ŀƴŘ 

ƴŜǿ ǘƻƻƭǎ ŀǊŜ ŎǊǳŎƛŀƭ ŦƻǊ ƳŀƛƴǘŀƛƴƛƴƎ ǎǘŀōƭŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ ǘƘŜ ǎǳǊƎƛŎŀƭ ŀǊŜŀ 

ŀƴŘ ƛƳǇǊƻǾƛƴƎ ǇƻǎǘƻǇŜǊŀǘƛǾŜ ƻǳǘŎƻƳŜǎΦ 

2.1.1 Based on external coolant supply systems 

Lƴ ƎŜƴŜǊŀƭΣ ōƻƴŜ ƎǊƛƴŘƛƴƎ ǇǊƻŎŜŘǳǊŜǎ ǿƛǘƘ Ŏƻƻƭŀƴǘ ǎǳǇǇƭȅ ǎȅǎǘŜƳǎ ŀǊŜ ƳƻǊŜ 

ŜŦŦŜŎǘƛǾŜ ƛƴ ǊŜŘǳŎƛƴƎ ƘŜŀǘ ŀŎŎǳƳǳƭŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ǎǳǊƎƛŎŀƭ ŀǊŜŀ ŎƻƳǇŀǊŜŘ ǘƻ 
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ǘƘƻǎŜ ǿƛǘƘƻǳǘ Ŏƻƻƭŀƴǘ ŘŜƭƛǾŜǊȅΦ bǳƳŜǊƻǳǎ ǎǘǳŘƛŜǎ ǇǊƻǇƻǎŜŘ ǾŀǊƛƻǳǎ ŦƻǊƳǎ ƻŦ 

Ŏƻƻƭŀƴǘ ǎǳǇǇƭȅ ǎȅǎǘŜƳǎ ƛƴŎƭǳŘƛƴƎ όƛύ ƛǊǊƛƎŀǘƛƻƴΣ όƛƛύ ǎǇǊŀȅƛƴƎΣ ŀƴŘ όƛƛƛύ ŎǊȅƻƎŜƴƛŎ 

ŦƭǳǎƘƛƴƎΣ ŀƴŘ ŜȄǇƭƻǊŜŘ ǘƘŜƛǊ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƛƴ ŘƛǎǎƛǇŀǘƛƴƎ ƘŜŀǘ ŦǊƻƳ ǘƘŜ ǎǳǊƎƛŎŀƭ 

ǎƛǘŜΦ  

(i) For irrigation:  

Salomó-Coll et al. [16] and Augustin et al. [17] found that external irrigation 

combined with low grinding speed can effectively keep the bone temperature 

below 47°C. Gehrke et al. [18] recommended the innovative double irrigation 

device (internal and external irrigation) to enhance existing cooling systems. 

This technique demonstrated great efficiency and controlled the bone 

temperature rise by only 12.4 ± 0.75°C, whereas the external irrigation and non-

irrigation methods led to the temperature rise by 21.7°C and 14.2°C respectively. 

However, variations in coolant irrigation volume could still affect bone 

temperature change [19]. Strbac et al. [20] discovered that the maximum bone 

temperature increase can be limited to 1.51°C (median) when using the double 

irrigation cooling system with the saline solution irrigation flow of 50 mL/min. 

However, the delivery of adequate coolant into the grinding area remains 

challenging, although irrigation-based coolant supply systems are widely used 

in actual craniosynostosis surgery. 

(ii) For spraying:  
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Hou et al. [21] compared the effects of saline spray cooling and irrigation 

cooling in bone grinding experiments. The highest temperature in the bone 

grinding area was 29.34°C using the saline spray cooling system, while the 

irrigation cooling system reached 32.45°C under the same rotational speed and 

cutting depth. Sasaki et al. [22] developed the spraying system that enabled 

coolant to be delivered onto the grinding area via the high-pressure air jet. The 

spraying system effectively reduced the temperature not only at the grinding 

area, but also at the surrounding area (soft tissues around the bone). However, 

excessive coolant spraying leads to an unclear vision in the surgical area, which 

may affect the surgeon's operation. Jamil et al. [23] developed the micro-spray 

cooling system designed to eject the small amount of air-saline mixture under 

high pressure. This system provided a more lubricated and drier surgical 

environment compared to traditional irrigation and spray cooling systems. 

Spray cooling strategies result in large temperature fluctuations and an 

unstable temperature range, although they can reduce the highest temperature 

in the bone grinding area to be lower than the bone damage threshold during 

the surgery.  

(iii) For cryogenic flushing:  

Barrak et al. [24] chilled a room-temperature coolant to 10°C and then used the 

coolant to flush the bone grinding area. The cryogenic coolant maintained the 

average bone temperature variation within 1°C and achieved the maximum 

temperature increase of 2.1°C during the surgical grinding process. The impact 



/ƘŀǇǘŜǊ н [ƛǘŜǊŀǘǳǊŜ ǊŜǾƛŜǿ ϧ wŜǎŜŀǊŎƘ ƎŀǇǎ 

tŀƎŜ 14 ƻŦ мнн 

of cryogenic flushing on complications is also explored. Takenaka et al. [25] 

demonstrated that using cryogenic saline flushing during craniosynostosis 

surgery reduced clinical upper limb palsy incidence compared to room-

temperature saline. The clinical upper limb palsy incidence was 4.9% for 

cryogenic saline flushing, while 9.5% for room-temperature one. Similarly, 

Murphy [26] found that 10°C cryogenic saline was more effective in reducing 

edema and inflammation compared to 25°C saline. 

However, cooling strategies based on different supply systems still have 

limitations. For instance, an insufficient amount of coolant reaching the bone-

tool interface resulted in low heat dissipation efficiency [27]. The cost of coolant 

supply systems (including nozzles, pumps, and coolants) was high [28]. 

Therefore, better cooling strategies in craniosynostosis surgery are still needed. 

2.1.2 Based on new tools 

Except for coolant supply systems, new tools can reduce bone temperature 

during surgery. Babbar et al. [29] developed the convex-shaped grinding tool 

and conducted bone grinding tests. The proposed convex-shaped tool reduced 

the bone temperature (the highest 46.02°C) more effectively compared to 

conventional spherical grinding tools in [30]. Similarly, Hou [21] developed the 

novel diamond bullet grinding tool, which reduced the highest bone 

temperature to be 38.29°C during bone grinding process. However, these tools 

increase the risk of postoperative complications (such as infections) due to bone 
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debris retention in the grinding area. Luna et al. [31] and Zhou et al. [32] 

proposed that creating micro-grooved structures on diamond grinding tools 

could not only effectively reduce bone debris retention but also enhance heat 

dissipation in the grinding area. Augustin et al. [33] and Gok et al. [34] suggested 

that the integration of cooling channels into grinding tools could directly deliver 

coolant to the bone-tool interface. The highest bone temperature using such 

grinding tools with the internal cooling system was 7.8°C lower than that using 

conventional solid grinding tools. Additionally, Babbar et al. [35] developed the 

bone grinding tool equipped with the automated control system. This tool not 

only reduced surgery difficulty but also kept surgical area temperature to be 

below 43°C. Enomoto et al. [36] introduced the grinding tool coated with the 

hydrophilic film. The proposed grinding tool with the excellent hydrophilicity 

allowed the improved contact with coolant, limiting bone temperature increase 

to be 30°C during one-minute continuous grinding. 
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(Source: a [18] , b [22], c [37], d [30], e [31], f [34], g [36]) 

Figure 2-1: Research on cooling strategies in craniosynostosis surgery: (a) irrigation cooling 

system, (b) spray cooling system and (c) cryogenic flushing system are based coolant supply 

technologies; (d) spherical metal bonded diamond grinding tool, (e) grinding tool with micro-

groove structures, (f) tool with internal cooling channels and (g) grinding tool coated with a 

hydrophilic film based on new tools. 

2.2 Operational programs in femoral head osteonecrosis surgery 

When ONFH deteriorates and non-surgical procedures (pharmacotherapy and 

physical therapy) prove ineffective, most patients need a surgical intervention 

to alleviate pain and maintain mobility [38]. The ONFH surgery involves three 

main steps: bone drilling, bone implantation, and drug delivery. 

2.2.1 Bone drilling step 

Bone drilling is an indispensable step in the surgical treatment of ONFH. Yuan 

et al. [39] analyzed the impact of different drilling positions (above, parallel, and 

below) on the mechanical properties of femurs utilizing finite element method. 

The femoral stiffness was the highest in the above group, while the lowest in 

the below group. However, large drilling diameters could damage surrounding 

healthy bone tissues, disrupting inherent mechanical structure of the bone [40]. 

Mohanty et al. [41] recommended multiple small-diameter drilling procedures 

instead of a single drilling procedure during ONFH surgery. Omran [42] found 

that multiple small-diameter drilling procedures were considered safer and less 

invasive compared with a single drilling procedure. The multiple drilling method 

had a low risk of fracture and bleeding in the early stage (52.8% of patients had 
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significant relief of hip pain) [42]. In addition, multiple drilling procedures 

significantly extended bone collapse time (multiple drilling: 42.3 months; single 

drilling: 22.6 months) and reduced bone collapse incidence (multiple drilling: 

55.0%; single drilling: 85.7%) over a three-year period after surgery [43]. 

However, due to high rigidity of currently used drilling tools, they are unable to 

effectively reach the entire area of femoral head, resulting in limited drilling 

coverage. Alambeigi et al. [44] developed the innovative steerable drill capable 

of following the planned curved-drilling trajectory, thereby facilitating a multi-

branch drilling procedure. 

2.2.2 Implantation step 

Lƴ hbCI ǎǳǊƎŜǊȅΣ ƛƳǇƭŀƴǘŀǘƛƻƴ ƛǎ ŀ ŎǊƛǘƛŎŀƭ ǎǘŜǇ ƛƴ ƻǊŘŜǊ ǘƻ ǊŜǇŀƛǊ ŘŀƳŀƎŜŘ ōƻƴŜ 

ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǊŜǎǘƻǊŜ ŦǳƴŎǘƛƻƴ ŀƴŘ ǎǘŀōƛƭƛǘȅΦ .ƻƴŜ ƛƳǇƭŀƴǘŀǘƛƻƴ ƛƴǾƻƭǾŜǎ 

ƛƴǎŜǊǘƛƴƎ ŀǊǘƛŦƛŎƛŀƭ ōƻƴŜ ƻǊ ƻǘƘŜǊ ƳŀǘŜǊƛŀƭǎ ƛƴǘƻ ŀ ǇŀǘƛŜƴǘϥǎ ǎƪŜƭŜǘŀƭ ǎȅǎǘŜƳΦ ¢ƘŜ 

ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ōƻƴŜ ƛƳǇƭŀƴǘǎ ŀǊŜ ŎǊǳŎƛŀƭ ŦƻǊ ǘƘŜƛǊ ǎǳŎŎŜǎǎŦǳƭ 

ƛƳǇƭŀƴǘŀǘƛƻƴΦ ¢ƘŜ ŎƻƳƳƻƴƭȅπǳǎŜŘ ƛƳǇƭŀƴǘ ƳŀǘŜǊƛŀƭǎ ƛƴŎƭǳŘŜŘ όƛύ ƳŜǘŀƭǎ ŀƴŘ όƛƛύ 

ŎŜǊŀƳƛŎǎΦ 

(i) Metals 

aŜǘŀƭǎ ŀǊŜ ǿƛŘŜƭȅ ǳǎŜŘ ƳŀǘŜǊƛŀƭǎ ƛƴ ōƻƴŜ ƛƳǇƭŀƴǘŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜǎ ŘǳŜ ǘƻ ǘƘŜƛǊ 

ŜȄŎŜƭƭŜƴǘ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ŎƻǊǊƻǎƛƻƴ ǊŜǎƛǎǘŀƴŎŜΦ омс ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ ƛǎ 

ƻƴŜ ƻŦ ǘƘŜ ŜŀǊƭƛŜǎǘ ƳŜǘŀƭƭƛŎ ƳŀǘŜǊƛŀƭǎ ǳǎŜŘ ŦƻǊ ōƻƴŜ ǊŜǇŀƛǊ ƛƴ hbCI ǎǳǊƎŜǊȅΦ 

IƻǿŜǾŜǊΣ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ƻŦ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŀǘ 
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ƻŦ ƴŀǘǳǊŀƭ ōƻƴŜΣ ǿƘƛŎƘ ƭŜŘ ǘƻ ǇƻǘŜƴǘƛŀƭ ǎǘǊŜǎǎ ǎƘƛŜƭŘƛƴƎ ŀƴŘ ōƻƴŜ ƭƻŀŘ ƛƳōŀƭŀƴŎŜ 

ώпрΣ псϐΦ ¢ƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ǘƛǘŀƴƛǳƳ ŀƭƭƻȅǎ ǿƛǘƘ ƭƻǿ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ƴƻǘ ƻƴƭȅ 

ŜƴƘŀƴŎŜǎ ōƻƴŜ ƛƳǇƭŀƴǘǎ ǇŜǊŦƻǊƳŀƴŎŜ ōǳǘ ŀƭǎƻ ƛƳǇǊƻǾŜǎ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ 

ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ōƻƴŜ ǘƛǎǎǳŜΦ ²ŀƴƎ Ŝǘ ŀƭ ώптϐ ŀƴŘ ²ŀƴƎ Ŝǘ ŀƭ ώпуϐ ŦŀōǊƛŎŀǘŜŘ 

ǇƻǊƻǳǎ ǘƛǘŀƴƛǳƳ ŀƭƭƻȅ ǊƻŘǎ ŦƻǊ ŜŀǊƭȅπǎǘŀƎŜ hbCI ǘǊŜŀǘƳŜƴǘΦ ¢ƘŜ /¢ ŀƴŘ 

ƘƛǎǘƻƭƻƎƛŎŀƭ ƛƳŀƎŜǎ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ ƴŜǿ ōƻƴŜ ƘŀŘ ƎǊƻǿƴ ŀƭƻƴƎ ǘƘŜ ƳŜǘŀƭ 

ǘǊŀōŜŎǳƭŀŜ ǘƻǿŀǊŘ ǊƻŘ ŎŜƴǘŜǊ ǿƛǘƘ ǎŀǘƛǎŦŀŎǘƻǊȅ ƛƳǇƭŀƴǘπōƻƴŜ ƛƴǘŜƎǊŀǘƛƻƴ ƛƴ о 

ƳƻƴǘƘǎΦ  

In recent years, porous magnesium alloy scaffolds showed promising prospects 

in biomedical applications due to their degradation characteristics [49, 50]. 

Zhang et al. [51] demonstrated that the magnesium alloy scaffold had 

completely degraded in 24 weeks after implantation through in vivo 

experiments. Compared to other metallic materials, porous tantalum rods 

exhibit superior biological stabilities, promoting bone healing. Numerous 

studies demonstrated that porous tantalum rods for ONFH treatments achieved 

favorable clinical outcomes and a high survival rate (74.1% at 62 months) [52-

55]. Some researchers suggested combining tantalum with other materials to 

reduce high implant cost [56, 57]. Tantalum coatings were successfully applied 

on stainless steel and titanium alloy surfaces through surface modification 

techniques (electroplating, carbonised, etc.) [58, 59]. The incorporation of 

tantalum improved the corrosion resistance and antibacterial properties of 
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stainless steel and titanium alloys, thereby enhancing the long-term stability of 

implants [60]. 

(ii) Ceramics 

Ceramic materials have excellent biocompatibility, bioactivity, and mechanical 

properties. They become an alternative to metal implants in ONFH surgery, due 

to the high metallic cost. Extensive clinical data indicated that bioceramic rods 

formed a good combination with bone tissues after surgery and demonstrated 

the high success rate of 70-90% in clinical cases of ONFH [61, 62]. However, 

ceramic implants are prone to fracture and fragment during implantation 

procedures due to their high brittleness. Shtansky et al. [63] and Donkov et al. 

[64] deposited ceramic coatings on the surface of metal-based implants to 

improve the mechanical properties of pure ceramic implants. After the heat 

treatment at 500°C, the ceramic coating exhibited high adhesive strength (1907 

mN), and the coated implants demonstrated significant surface hardness (535.5 

HV) [65]. 

2.2.3 Medication delivery step 

Drug delivery aims to promote bone repair and alleviate inflammation in ONFH 

surgery. Neustadt [66] suggested the direct intra-articular injection of 

corticosteroids or hyaluronan, which significantly relieved knee pain in 61% of 

patients. Kon et al. [67] found that subchondral injection of bone marrow 

concentrates effectively improved bone marrow edema. However, traditional 

https://pubmed.ncbi.nlm.nih.gov/?term=Neustadt+DH&cauthor_id=17044315
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injection techniques fail to achieve comprehensive drug coverage in bone 

necrosis sites. Several studies indicated that porous implants could serve as 

carriers for drug delivery [68]. The porous structures not only provided a large 

surface area for cell attachment but also facilitated sustained therapeutic 

effects and comprehensive drug penetration in the bone necrosis area [68].

 

(Source: a [39], b [41], c [44], d [47], e [50], f [52], g [62], h [67], i [68]) 

Figure 2-2: Research on Osteonecrosis of Femoral Head surgery steps: (a) single drilling, (b) 

multiple small-diameter drilling and (c) Innovative steerable drilling are drilling surgery step; 

(d) porous titanium alloy rods with diamond crystal lattice, (e) degradable magnesium 

scaffold, (f) porous tantalum scaffold and (g) bio-ceramic rod are implantation step; (h) 

subchondral injection and (i) porous titanium implant for drug delivery are drug delivery step. 

2.3 Additively-manufactured tools 
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In tool design and fabrication, additive manufacturing brings various benefits, 

including flexible design, cost savings, and customized production. Additive 

manufacturing is widely used to produce (i) grinding tools and (ii) cutting tools. 

(i) Grinding tools 

Tian et al. [69] developed three types of metal-bonded diamond grinding tools 

with different structures (solid, honeycomb and octahedral structure) using 

Selective Laser Melting (SLM) techniques. These tools exhibited excellent 

dressing and self-sharpening capabilities in grinding experiments. However, the 

abrasive layer of metal-bonded grinding tools has a limited porosity. To address 

this, Peng et al. [70] developed the porous diamond grinding tool with high 

porosity (53%) via SLM. Tian et al. [71] fabricated grinding tools based on triply 

periodic minimal surfaces utilizing SLM and optimized the tool porosity to 60%. 

Denkena et al. [72] produced the Ni-Ti bond diamond grinding tool utilizing 

Laser Powder Bed Fusion (LPBF) technology. The deepest scratch of the Ni-Ti 

bond ŘƛŀƳƻƴŘ ƎǊƛƴŘƛƴƎ ǘƻƻƭ ǿŀǎ ƻƴƭȅ уΦнт ˃ƳΣ ǿƘƛŎƘ ǾŜǊƛŦƛŜŘ ǘƘŜ ƘƛƎƘ 

mechanical properties in the scratch test. However, LPBF may affect the 

integrity and durability of grinding tools due to impure powder and high inter-

particle gaps. Digital Light Processing (DLP) is introduced for grinding tool 

manufacturing due to its high precision and surface quality. Most studies 

focused on mixing abrasive grains with resin to fabricate grinding tools via DLP, 

including resin bonded diamond grinding tools [70, 73, 74] and resin bonded SiC 

grinding tools [75]. The resin bonded diamond grinding tools achieved the 
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bending strength of 80 MPa [73]. Additionally, Barmouz et al. [76] 

manufactured grinding tools with internal cooling channels and slots, 

demonstrating the design flexibility and customization capabilities of additive 

manufacturing. 

(ii) Cutting tools 

He et al. [77] successfully manufactured the honeycomb-shaped triangular 

zirconia cutting tool with high hardness (13.0597 GPa) via SLA. Sandhu et al. [78] 

manufactured the acrylonitrile-butadiene-styrene (ABS) cutting tool utilizing 

Fused Deposition Modeling (FDM). FDM controlled the tool dimension and 

surface smoothness error within 2 mm [78]. Traxel et al. [79] developed the 

diamond-reinforced cutting tool utilizing Directed Energy Deposition (DED). The 

tool exhibited high anti-adhesion properties, which produced 35% less chip 

accumulation than conventional cutting tools. Similarly, Traxel et al. [80] 

fabricated the Co-Cr-W superalloy cutting tool via DED with the total tool wear 

less than 150 µm. The four-flute martensitic cutting tool fabricated by Direct 

Metal Laser Melting (DMLM) exhibited higher wear resistance (total wear less 

than 119.5 µm), compared to tools manufactured by DED [81]. Additionally, 

LPBF was used to manufacture metal cutting tools with complex structures, 

such as WC-Co tools with porosity [82] and multi-tooth cutting tools with 

internal cooling channels [83]. 
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(Source: a [69], b [70], c [75], d [76], e [77], f [78], g [79], h [80], i [81]) 

Figure 2-3: Additively-manufactured tools: (a) metal-bonded diamond grinding tool; (b) 

porous structured diamond grinding tools; (c) resin bonded SiC grinding tool; (d) grinding tool 

with internal cooling channels and slots; (e) honeycomb-shaped triangular zirconia cutting 

tool, (f) ABS cutting tool; (g) damond-reinforced cutting tool; (h) Co-Cr-W superalloy cutting 

tool and (i) four-flute martensitic cutting tool. 

2.4 Summary of research gaps 

(i) Lack of effective cooling and temperature control for craniosynostosis surgery 

Cooling strategies based on either external cooling systems or new tools still 

face substantial challenges. For external coolant supply systems: Insufficient 

amounts of coolant reaching the tool-bone interface leads to low heat 

dissipation efficiency and unstable bone temperatures. The high cost of coolant 

supply devices (such as nozzles, pumps, and coolants) limits the widespread 

application of external cooling strategies. For new tools: The new tool with 
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hydrophilic coatings exhibits low cooling performance and efficiency due to 

inadequate bone chip evacuation capabilities. Moreover, most studies focus on 

enhancing cooling strategies. There is a lack of research on temperature 

monitoring and precise temperature control in the surgical area. 

(ii) Lack of multifunctional tools and an early intervention strategy for ONFH surgery 

Currently, most research aims to improve specific surgical steps (such as bone 

drilling, implantation, and drug delivery) that were typically performed in the 

mid to late stages of ONFH. However, few studies integrate the tools involved 

in surgery into a multifunctional tool to simplify numerous surgical steps. 

Additionally, an early intervention strategy for ONFH is essential, which is also 

absent in literature. 

(iii) Lack of additively-manufactured tools in orthopedic surgery. 

Additive manufacturing technologies are predominantly utilized in mechanical 

component production, such as grinding and cutting tools. Additive 

manufacturing in the medical field can enable the customization of surgical 

tools, thereby enhancing the treatment outcomes. However, this application 

remains relatively underdeveloped. 
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Chapter 3 Hollow grinding tool 

3.1 Introduction and motivation  

Grinding is a widely used technique in craniosynostosis surgery for either bone 

removing or reshaping [12]. However, traditional high-speed rotating grinding 

tools generate unacceptably excessive heat between the tool-bone interface. 

Excessive heat leads to localized thermal osteonecrosis, surrounding tissue 

damage, and further severe consequences (such as vision loss [14, 15] and 

nerve damage [13]). Controlling heat is therefore especially crucial [84]. The 

aims and objectives in this chapter is looking for an effective and cost-efficient 

strategy to compress surgery heat. 

In this chapter, we propose the redesigned hollow grinding tool that facilitates 

much more coolant flow onto the tool-bone interface, thereby accelerating 

heat dissipation and controlling local temperature increase. In this chapter, the 

zirconia grinding tool with the 3D Voronoi geometry is designed (Section 3.2, 

Figure 3-2b) and successfully fabricated by using Nano Particle Jetting (NPJ) 

technology (Section 3.3, Figure 3-3 b-g). The coolant flow penetration 

performance is proved in Section 3.4 (Figure 3-8). The grinding ability is tested 

both in vitro (Section 3.5, Figure 3-10) and in vivo (Section 3.6, Figure 3-11), 

demonstrating promising performances. This design not only preserves tissue 

viability at and around the grinding site but also minimizes the risk of infection 

and hyperostosis caused by debris residue. 



/ƘŀǇǘŜǊ о Iƻƭƭƻǿ ƎǊƛƴŘƛƴƎ ǘƻƻƭ 

tŀƎŜ 26 ƻŦ мнн 

 

Figure 3-1: the methodology that we followed to design, fabricate and verify our proposed 

hollow grinding tool: (a) design grinding tool with 3D Voronoi principle, (b) fabrication of 

designed grinding tool (c) testing & simulation for the coolant flow penetration, and 

verification of the grinding tool performance (d) in vitro and (e) in vivo. 

оΦн ¢ƘŜ Ƙƻƭƭƻǿ ƎǊƛƴŘƛƴƎ ǘƻƻƭ ŎƻƴŎŜǇǘ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ 

3.2.1 Concept 
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Unlike conventional solid grinding tools that bounce back the majority of 

coolant in the surgery and therefore have low cooling efficiency (Figure 3-2a), 

the hollow structure permits coolant to penetrate through the tool and flush 

the tool-bone interface (Figure 3-2b), thereby reducing heat accumulation and 

aiding in the removal of bone debris generated during surgery. 

 

Figure 3-2: Conceptual diagram of (a) conventional solid grinding tool and (b) the proposed 

hollow grinding tool. 

3.2.2 Structural design 

The basic structure of the proposed grinding tool is designed using 3D Voronoi, 

which is known for achieving a favorable balance between high structural 

strength [85] (to serve as a surgical tool) and adequate porosity (to allow 

coolant to permeate). The geometry of the grinding tool includes a head with 

the diameter of 10 mm, the length of 12 mm, and the rod with the diameter of 

3 mm. More detailed parameters of the proposed hollow grinding tool are 

presented in table 3-1. The model of the hollow grinding tool is created using 
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Rhino software and the Grasshopper plug-in (version 7.20.22193) and is then 

exported as the STL file. 

¢ŀōƭŜ оπм 

¢ƘŜ ǎǇŜŎƛŦƛŎ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ǘƘŜ ŘŜǎƛƎƴŜŘ Ƙƻƭƭƻǿ ƎǊƛƴŘƛƴƎ ǘƻƻƭ 
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ώƳƳϐ 

wƻŘ 

ŘƛŀƳŜǘŜǊ 

ώƳƳϐ 

bƻŘŜ{ƛȊŜ 9ƴŘƻŦŦǎŜǘ {ǘǊǳǘ{ƛȊŜ {ŜƎƳŜƴǘ 

мл мн о лΦмо нΦул лΦфо лΦтт 

The developed grinding tool features two distinct grinding regions: (i) the 

scaffold region (illustrated in Figure 3-3, blue area) and (ii) the solid region 

(shown in Figure 3-3, yellow area). The majority of the grinding tool consists of 

a reticular scaffold structure, which allows coolant fluid pass through the tool 

body and reach the grinding zone (see Figure 3-3, light blue line), effectively 

dissipating grinding-induced heat. Although more debris (small chips) might be 

generated during grinding, the effective penetration of the coolant fluid 

facilities the continuous flushing on these chips, ensuring that performance is 

not adversely affected. 

To further improve grinding efficiency, we incorporate a circular solid sector 

into the design. This solid region is specifically intended to enhance material 

removal ability during surgical procedures. While the reticular scaffold 
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predominantly serves to assist in the grinding task, contributing to micro-

material removal and the enhancement of surface flatness. 

 

Figure 3-3: A schematic of the proposed hollow grinding tool having: (a) scaffold structure 

aiming for coolant penetration (auxiliary grinding) and (b) solid structure aiming for effective 

material removal (effective grinding). 

оΦо ¢ƘŜ CŀōǊƛŎŀǘƛƻƴ ŀƴŘ ǘƘŜ ƎŜƻƳŜǘǊƛŎŀƭκƳŜŎƘŀƴƛŎŀƭ ŜǾŀƭǳŀǘƛƻƴ 

3.3.1 Fabrication route 

The STL model was sliced for fabrication (see Figure 3-4 b and c). The NPJ 3D 

Printer (XJET, Carmel 1400C, Israel, shown in Figure 3-1b and Figure 3-4e) was 

used for printing all the grinding tools. This system allowed the super-thin layer 

ǘƘƛŎƪƴŜǎǎ ƻŦ млΦр ˃Ƴ ŀƴŘ ǘƘŜ ƧŜǘǘƛƴƎ ǊŜǎƻƭǳǘƛƻƴ ƻŦ мнлл 5tL όнл ˃ƳύΦ 

Nanoparticle based structural and support inks were co-printed to form 3D 

structures and both inks were provided by XJET. The inks were printed onto a 

heated substrate (180°C) and then scanned by using a halogen bulbs-based 
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heating lamp to facilitate the volatilization of organic solvents in inks. The 

schematic of the printing process was revealed in Figure 3-4 d-g. In order to 

compensate the shrinkage that happened during the sintering, the shrinkage 

factor of 17.8% was applied on the designed structure [86]. After printing, the 

printed structure was then removed from the printing stage. The co-printed 

water-soluble support was removed, and the part was then sintered in a 

programmable sintering furnace (FMJ-19/17, FaceRom, China). After reaching 

the sintering temperature of 1450°C, it was held for 180 mins and then cooled 

to room temperature. The hollow and solid grinding tools were 3D printed by 

using zirconia ceramic (ZrO2), whose wear resistance is 15 times better than 

that of alumina ceramics, at the meantime the friction coefficient is only half of 

alumina ceramics. 

¢ŀōƭŜ оπн 
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Figure 3-4: Design and Fabrication flow diagram: (a) 3D Voronoi design theory; (b) slicing 

process and (c) slice shape of each layer; (d-g) specific process for grinding tool fabrication. 

3.3.2 Geometrical and mechanical evaluation 

The printed tool edge surfaces showed stepped or streamlined microstructures 

(Figure 3-5 b and c), which enhanced material removal ability and grinding 

efficiency in surgery. Particle agglomeration was rarely observed after the 

sintering process suggesting completed sintering, although the structures were 

printed with ceramic nano-particle ink. The printed structure showed good 

geometrical consistency with our design as well, although shrinkage happened 

during sintering. 
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The circular runout was a crucial index for a rotating tool [87], and the 

roundness of the printed tool was tested as shown in Figure 3-5d. The 

ŎƛǊŎǳƳŦŜǊŜƴǘƛŀƭ Ǌǳƴƻǳǘ ǊŀƴƎŜŘ ŦǊƻƳ Ҍмн ˃Ƴ ǘƻ -ф ˃ƳΣ ƻƴƭȅ ŀŎŎƻǳƴǘƛƴƎ ŦƻǊ лΦнм҈ 

in comparison with the tool head diameter. Except for static tool geometry 

accuracy, dynamic imbalance was also evaluated by observing the beating 

range of the dial indicator pointer, especially considering the solid portion might 

result in structure asymmetry (Figure 3-5e). Based on our experiments, the 

swing range of the grinding tool during rotation was нΦм ˃ƳΦ ¢Ƙƛǎ ƴŀǊǊƻǿ ǊŀƴƎŜ 

could be negligible when considering external factors, such as hand and motor 

vibration in real surgery [88, 89]. As an important indicator, the mechanical 

performance of the printed tool was also encouraging, where the hollowed 

grinding tool had the ultimate strength of 654 MPa which was separately 3 

times higher than that of the cortical bone (the hardest bone tissue) [90], and 

31 times higher than that of the trabecular bone [91] (see Figure 3-5g). 

With the continuous grinding operation, the proposed tool strength might be 

reduced. To investigate the fatigue performance, we performed three runs of 

long-period grinding experiments with separately 1, 5 and 10 mins on the bone 

tissue. Please note the normal period for one trial of continuous grinding 

operation could be no more than 1 mins [35, 92]. Based on SEM images, the 

tool did not have obvious broken and fractured failure. Based on the tensile test, 

the tools after a long period of grinding process had the same trend and the 

similar ultimate strength as that of the tool without grinding (see Figure 3-5h). 
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In comparison with an unused tool, the tool strength was only reduced by 5% 

even for the 10-minute trial, and the reduced tool strength was still larger than 

bone strength. 
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Figure 3-5: Evaluation of the printed hollow grinding tools: (a) sample picture and (b-c) SEM 

morphological images of 3D printed hollow grinding tools; (d) roundness test device and (e) 

dynamic balancing results; (f) tensile test and (g) obtained stress-strain curve between hollow 

and conventional grinding tool and (h) stress-strain curve after long-period grinding.  

оΦп ¢ƘŜ Ŏƻƻƭŀƴǘ Ŧƭƻǿ ǇŜƴŜǘǊŀǘƛƻƴ 

3.4.1 CFD simulation 

To verify the enhanced coolant permeability of our design, the Computational 

Fluid Dynamics (CFD) simulation is performed to model the coolant trajectory 

during the grinding process.  

(i) Method 

The CFD analysis is used to simulate, analyze, and predict the airflow behaviors 

and coolant distribution within the air-coolant two-phase system. The 3D 

transient interactions between the spray droplets and the surrounding air are 

modeled using the Euler/Lagrange approach. Given the specific application 

requirements for droplet size and concentration, the Discrete Phase Model 

(DPM), the most widely used turbulence model in engineering applications is 

selected [93, 94]. The nozzle produces ŘǊƻǇƭŜǘǎ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ǎƛȊŜ ƻŦ рл ˃Ƴ 

[95], enabling detailed process capture. The timestep is set to 1e-5s to maintain 

a Courant number below 1, and the rotation speed is set to 523 rad/s, consistent 

with the experimental condition of 6000 rpm. The CFD simulation was 

conducted using ANSYS Fluent 2021R. 
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The simulation process followed the standard CFD algorithm, with important 

aspects such as: (i) simplifying droplet computations by grouping them together, 

(ii) determining coefficients for shape variation and analyzing dynamic 

interactions between phases, and (iii) carefully selecting and configuring the 

necessary parameters. 

For (i), modeling each droplet individually is computationally infeasible, so this 

study employs simplifications. The DPM model groups droplets with similar 

characteristics into parcels. The model allows the simulation to represent a 

spray with fewer than a million parcels instead of billions of droplets, which 

greatly reduces computational demands. In this model, discrete phase particles 

are introduced into the airflow field, and their transport is computed by 

balancing forces on each particle within the Lagrangian framework. 

In part (ii), the Dynamic Drag Model is utilized to dynamically compute the 

coefficient associated with the shape alterations of the droplets. Among the 

various forces at play, only the turbulent dispersion force is considered 

significant, while the added mass and lift forces are deemed to have negligible 

effects. To incorporate the effects of turbulent dispersion, the Standard 

Discrete Random Walk Model is used, and the Wave Breakup Model is 

integrated to represent the dynamic interactions between the phases 

effectively. 
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In section (iii), the SIMPLEC scheme is used for coupling pressure and velocity. 

A summary of the detailed equations can be found in Table 3-1. The time step 

between simulation frames (the conventional solid grinding tool and the 

proposed hollow grinding tool) is set to 1e-5 seconds to maintain a courant 

number below 1. The rotating speed is established at 523 rad/s, which 

corresponds to an experimental condition of 6000 rpm. A pressure outlet with 

Prel=0 is designated at the nozzle exit. The computational domain features non-

slip wall conditions, and the wall-film boundary conditions are defined for DPM 

ǎŎŜƴŀǊƛƻǎΦ CƻǊ ǘƘŜ ŘǊƻǇƭŜǘ ǇŀǊǘƛŎƭŜǎΣ ǿŀǘŜǊ ǿƛǘƘ ŀ ŘŜƴǎƛǘȅ ƻŦ ˊҐффуΦн ƪƎκƳш ƛǎ 

utilized in the discrete phase, while the volume flow rate is maintained at 10 

L/min, aligning with the experimental setup. 

¢ŀōƭŜ оπн 
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(ii) Results and discussions 

The comparison of coolant velocity vectors from the front view revealed several 

interesting and unique phenomena:  

(i) In our design (Figure 3-6a), most of the coolant successfully passed through 

the grinding tool body, with 48% of the coolant reaching the grinding zone. In 

contrast, for the conventional solid grinding tool (Figure 3-6b), most of the 

coolant bounced back, suggesting that our proposed tool had significant 

potential to reduce surgery temperature.  
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(ii) The conventional solid grinding tool generated more fluid spatter compared 

to the proposed hollow grinding tool, as indicated by the arrows showing 

moderate velocity in Figure 3-6a and 3-6b. This suggested that the hollow 

grinding tool offered surgeons a clearer view during surgery than the 

conventional solid tool.  

(iii) The flow rate of the coolant increased significantly after entering the hollow 

grinding tool, which might be attributed to the interaction between the coolant 

and the small pillars inside the hollow grinding tool.  

(iv) Upon exiting the hollow grinding tool, the coolant velocity was reduced by 

only 35% compared to its velocity at the inlet (Figure 3-6c). This indicated that 

the proposed hollow tool provided better heat control and more effective bone 

debris removal. 

To evaluate coolant permeability at different jet angles, simulations were 

conducted for three angles: 5°, 30°, and 45° (see Figure 3-6d). For comparison, 

models of solid grinding tool with identical outer parameters were also created. 

As shown in Figure 3-6d, the coolant in the hollow tool consistently reached the 

grinding zone regardless of the jetting angle. In contrast, the conventional solid 

tool only demonstrated limited fluid permeability at the 5° jetting angle. These 

simulations confirm that the porous mesh-optimized hollow grinding tool offers 

superior coolant permeability compared to the conventional solid tool. 

Additionally, it provides great operational flexibility for surgeons, enabling the 
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use of a wide range of jetting angles. This flexibility is particularly valuable in 

situations where surgeons need to access challenging locations or directions. 

 

Figure 3-6: Simulated result of the coolant behaviours: (a) the velocity vector of the proposed 

hollow grinding tool and (b) conventional solid grinding tool from the front view; (c) the 

average fluid velocity along the path from inlet to outlet along the jet direction by using 

proposed tool; (d) permeability of the coolant at different jet angles (5°, 30°, 45°). 

3.4.2 Experimental investigations 

(i) Experiment setup 

To determine whether our proposed hollow tool exhibits superior coolant 

permeability compared to conventional solid tools, the coolant flow 

penetration validation experiment is conducted. The experimental setup, as 
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illustrated in Figure 3-7, closely resembles a standard mechanical grinding 

system, incorporating XYZ motion elements, a spindle, a tool, coolant supply, 

and a protection system. The specialized testing stage is designed with a 2 mm 

hole on the top surface, connected to a chamber within the stage. A pH paper 

(San S) is placed inside the chamber directly beneath the exit of the 2 mm hole 

(Figure 3-7b). To prevent coolant from entering the hole from the sides, no 

clearance is allowed between the tool and the hole entrance. The designed hole 

is small in diameter to set a strict requirement when evaluating coolant 

permeability for tools. Based on this test platform, the pH color will not be 

changed if the grinding tool has poor ability to transport coolant to reach the 

tool-hole interface. Conversely, for our proposed tool, the coolant is expected 

to penetrate the grinding interface, enter the hole, wet the pH paper, and 

trigger color change. 

As the experiment aims to observe coolant behavior without any physical 

contact, the grinding tools are 3D printed using transparent resin materials, 

providing a clear view of the flow behaviors and trajectories. The coolant (soda 

water mixed with red paint for better visualization) is directed towards the 

rotating tool. The grinding tool is operated at 6,000 rpm, and the coolant (a 

mixture of water, baking soda, and red paint in a 100:4:1 ratio) is ejected from 

the nozzle at a flow rate of 10 L/min. 
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Figure 3-7: (a) Global and (b) detailed images of the experiment setup for coolant fluid 

permeability. 

(ii) Results and discussion 

Figure 3-8a presents the evaluation results of the coolant flow penetration 

experiment. For the conventional tool, the color of the pH paper remained 

unchanged even after 20 seconds, indicating that no coolant reached the 

grinding zone (see Figure 3-8d). This observation was consistent with previous 

findings from CFD simulations. In contrast, for the proposed tool, the pH paper 

was immediately saturated with coolant and turned dark green when the 

coolant was sprayed toward the rotating tool (Figure 3-8c). This result clearly 

demonstrates that a significant volume of coolant reaches the hole entrance 

with sufficient speed and dynamic energy. These findings strongly support the 

conclusion that the hollow grinding tool exhibits significantly better 

permeability compared to the solid tool. 
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Figure 3-8: Permeability of the coolant fluid: (a) Schematic diagram of our setup for assessing 

coolant fluid flow penetration and (b) cross section view, (c) experimental process and result 

diagram for hollow grinding tool, and (d) conventional grinding tool. 

оΦр ¢ƘŜ ƛƴ ǾƛǘǊƻ ŀǎǎŜǎǎƳŜƴǘ 

3.5.1 Grinding temperature 

An additional experiment was conducted to analyze and compare the 

temperature increase between the conventional solid grinding tool and the 

newly proposed hollow grinding tool. The customized setup was similar to the 

one shown in Figure 3-7 but featuring a specially designed clamping stage. A 
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real pork rib bone was clamped and securely fastened using screws and 

plywood. A T-type thermocouple (KPS-T-0.08-2000-CZ, KAIPUSEN) was inserted 

into a through-hole in the bone sample. The measurement junction of the 

thermocouple was positioned at the top surface of the bone sample, while the 

other junction was connected to the data acquisition system (KPS04A0R, 

KAIPUSEN) (see Figure 3-9a). Both the solid and hollow tools were employed to 

grind the bone under identical conditions, maintaining the same rotation speed 

(6000 rpm) and grinding depth (1.13 mm). 

As shown in Figure 3-9b, the grinding temperature using the conventional solid 

tool stabilized at approximately 48.5°C, whereas the proposed hollow grinding 

tool exhibited a significantly low temperature of 33.3°C. The temperature with 

the hollow tool was 31.3% lower than that of the conventional tool, with the 

highest temperature of only 36.2°C. In contrast, the conventional tool reached 

the highest temperature of 52.1°C, which could cause serious and irreversible 

damage to bone cells (According to the literature, irreversible damage can occur 

when the temperature at the grinding zone reaches [96, 97]). 
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Figure 3-9: temperature raise assessment; (a) experiment setup, b) front view of the grinded 

bone and c) temperature raise result for both the solid the hollowed grinding tool. 

3.5.2 Grinding trial on real bone 

The experimental setup of grinding trials on real bone was shown in Figure 3-

10. A real pork rib bone was clamped and secured by screws and plywood. The 

grinding tool and grinder were mounted on a linear module. The grinding tool 

was fed along the Y axis at the speed of 2 mm/min and turned counterclockwise 

at the speed of 6,000 rpm until the tool passed the full length of the bone. 

Hollow grinding tool and conventional solid grinding tool are both 3D printed 

ceramics. 

 

Figure 3-10: (a) Global and (b) detailed images of the experiment setup for real bone grinding 

In Figure 3-11a and 3-11b, the bone before grinding contained trabecular 

structures. When grinding with conventional tools, a pungent odor was 

noticeable, and the surface of the ground bones darkened (Figure 3-11e). This 

might be due to the high temperatures during grinding, which denatured the 

proteins, producing unpleasant smells. The high temperature also generated a 
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mixture of bone protein, blood, and bone dust, which exhibited a burnt smell 

and blurred morphologies [98]. Additionally, it was observed that most of pores 

within the trabecular structures were filled with bone debris (Figure 3-11c, d), 

and no bone debris was detected on the tool surface after grinding (Figure 3-

11i). This suggested that the debris generated during grinding were likely forced 

into the trabecular pores, potentially leading to infections and osteosis in later 

stages [98]. In contrast, the bone grinded with the proposed tool retained clear 

trabecular structures (Figure 3-11h). Only few chips were observed in the pores 

(Figure 3-11g), indicating that the debris were effectively removed by both the 

cutting fluid and the hollow tool. A small number of debris was found on the 

struts of the proposed tool after grinding (Figure 3-11j), proving our statement. 

However, these debris could be easily removed through simple ultrasonic 

cleaning, allowing the proposed tool to be reused multiple times with minimal 

tool wear. 
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Figure 3-11: Comparison of the surface texture for the bone grinded with conventional solid 

grinding tool and hollow grinding tool: (a) 2D and (b) 3D morphology of the real bone before 

grinding using the 3d profilometer; (c) 2D, (d) 3D morphology and (e) real picture of the 

grinded bone using conventional solid grinding tool; (f) 2D, (g) 3D morphology and (h) real 
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picture of the grinded bone using proposed hollow grinding tool; microscopic images of (i) 

conventional solid grinding tool and (j) hollow grinding tool after grinding the bone.  

оΦс ¢ƘŜ ƛƴ ǾƛǾƻ ŀǎǎŜǎǎƳŜƴǘ 

3.6.1 Method 

After confirmation of our tool ability in vitro assessment, we proceeded to 

conduct an in vivo assessment to further evaluate its performance under real 

surgical conditions. This experiment was approved by the Ethics Committee of 

Ningbo University. Sprague Dawley rats aged 6 to 8 weeks, were selected for 

the study and divided into three groups: the control group, the conventional 

solid tool group, and the proposed hollow tool group (n=6). The procedure was 

as follows: each rat was anesthetized with ketamine (60 mg/kg i.p. for rats; 100 

mg/kg i.p. for mice) and then secured on an animal operating table. The fur on 

the rat's head was shaved off and cleaned with iodine before making an incision. 

The skin and muscle tissue of the head were then cut away to fully expose the 

skull. The grinding tool was used to grind the rat skull at the same location for 

each group. The skull temperature was recorded every second using an infrared 

camera (FLIR One Pro), and the highest temperature was taken until the tests 

were finishedΦ CƻƭƭƻǿƛƴƎ ǘƘŜ ǇǊƻŎŜŘǳǊŜΣ ǘƘŜ Ǌŀǘǎ ǿŜǊŜ ŜǳǘƘŀƴƛȊŜŘΣ ŀƴŘ п ˃Ƴ 

tissue slices were prepared according to standard protocols for subsequent 

analysis. 
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After dewaxing and rehydrating the tissue sections from each group, the 

sections were stained with hematoxylin solution (Solebao Bio, China) for 10 

minutes, differentiated with weak acid, and then washed with distilled water. 

Sections were then stained with eosin solution (Solebao Bio, China) for 3 mins, 

then dehydrated with gradient alcohol and cleared in xylene. The optical 

microscope (Lecia Microsystems GmbH, Germany) was then used to observe 

the slices. 

To assess apoptosis in brain tissue cells at the grinding site, the Apoptosis 

Detection Kit (Elabscience Biotechnology, Inc., China) was employed. As 

directed by the manufacturer, tissue sections were routinely processed and 

incubated with TUNEL reagent (apoptotic cells showed green fluorescence), 

sections were counterstained with DAPI (blue fluorescence) and images were 

acquired using confocal microscope (Leica TCS SP5TCSSP5, Germany). 

3.6.2 Results and discussion 

For the conventional tool, the temperature at the grinding region was 33.3°C 

before grinding (Figure 3-12b), while after grinding the maximum temperature 

reached 45.2°C (Figure 3-12c). For the proposed tool, as the coolant can easily 

reach the tool-bone interface, the temperature only reached 35.6°C (Figure 3-

12d). This value was well below the critical threshold for irreversible thermal 

osteonecrosis. The above statement was further confirmed by checking the 

brain tissue under the grinding region. Figure 3-12e shows healthy brain tissue 
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from the control group with no grinding intervention. Figure 3-12f depicts the 

cross-sectioned brain beneath the conventional tool's grinding site. A 

noticeable eosinophilic change (dark blue region) was observed in the cerebral 

cortex accompanied by inflammatory cell infiltration. Moreover, a few edema 

areas were obviously visible in the deep part. In contrast, the cross-sectioned 

brain from the proposed tool group did not show significant changes compared 

to the control group. To further explore thermal damage to the neuro cells 

under the skull caused by different tools, Terminal deoxynucleotidyl transferase 

dUTP Nick End Labeling (TUNEL) staining was used to assess apoptosis of brain 

tissue cells. It can be found that, for the conventional tool group, the number 

of cerebral cortical apoptotic cells (green flǳƻǊŜǎŎŜƴǘύ ƛƴ ǘƘŜ ǊŀǘΩǎ ōǊŀƛƴ 

significantly increased due to grinding heat induced injury (Figure 3-12i). 

However, for the hollow tool group, the number of apoptotic cells (Figure 3-12j) 

in the rat brain did not show noticeable increase and the status of the cells were 

similar to the control group (Figure 3-12h). All the above results indicates that, 

when grinding the skull, the use of proposed tool can effectively reduce the 

temperature of the skull at the grinding site and effectively avoid the damage 

of the underlying soft tissues. 
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Figure 3-12: In vivo experiment designed to compare the efficiency between conventional 

solid grinding tool and hollow grinding tool: (a) Schematic diagram of in vivo assessment 

process; Infrared thermogram in (b) control group, (c) conventional grinding tool group, and 

d) hollow grinding tool group; HE staining figure in (e) control group, (f) conventional grinding 

tool group, and (g) hollow grinding tool group; TUNEL staining figure in (h) control group, (i) 

conventional grinding tool group, and (j) hollow grinding tool group.  
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Chapter 4 Closed-loop temperature control grinding 

device 

пΦм LƴǘǊƻŘǳŎǘƛƻƴ ŀƴŘ ƳƻǘƛǾŀǘƛƻƴ 

As mentioned before, excessive heat generated during the bone grinding 

process can lead to severe consequences in craniosynostosis surgery [99]. The 

current solution is to continuously supply coolants to mitigate temperature 

spikes. However, this approach is empirical, i.e. surgeons are not only unable to 

determine the spraying location and injection rate, but also can not monitor and 

precisely control the temperature in the surgical area.  

In this chapter, we propose the grinding tool (see Section 4.2) with not only the 

conformal cooling channels but also the closed-loop temperature control 

system. This concept allows not only precisely monitor but also regulate 

temperature in craniosynostosis surgery. The tool is fabricated by using 

Selective Laser Melting (SLM) (Section 4.3, Figure 4-1b). The CFD model is 

performed to simulate coolant flow behavior in the cooling channels (Figure 4-

1c). The temperature controlling performance is tested in Section 4.5 and the 

temperature fluctuation results are obtained (Figure 4-1d). In section 4.6, the 

grinding trials are performed on real bones (Figure 4-1e). 
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Figure 4-1: the methodology that we followed to design, fabricate and verify our proposed 

closed-loop grinding device: (a) design grinding tool and device, (b) fabrication of designed 

grinding tool (c) simulation for the coolant flow behavior, (d) testing the temperature control 

performance, and (e) verification of the grinding tool performance in vitro. 

пΦн ¢ƘŜ ŎƭƻǎŜŘπƭƻƻǇ ƎǊƛƴŘƛƴƎ ŘŜǾƛŎŜ ŎƻƴŎŜǇǘ ŀƴŘ ŘŜǎƛƎƴ 

4.2.1 Concept 




































































































