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Orthopedic conditions such as craniosynostosis @steonecrosis of the
femoral head (ONFH) are highly concerning due to their high incidence rates,
surgical complexity, and potential for severe postoperative complications.
craniosynostosisurgery, grinding techniquesangeneratethe risk of thermal
buildup, whichposesa serious threat to surrounding brain or nerve tissaed
irreversible complicationgn ONFH surgerit,alsoinvolvescomplex procedures
(including mcision gquide wire insertion drilling, wrettage and bone
implantation), whichintroduces significant risksuch adractures and recurrent

non-traumatic bone necrosis.

To address the above issudhree innovative surgicatooling solutionsare

developed using additive manufacturing techniqureshis thesis

(i) Geramic hollow grindingool

For craniosynostosis surgerthe 3D-printed ceramic hollow grindingpol is
proposed and fabricated to facilitate the coolant delivaryp the bonegrinding
area, thereby generatingnore effective cooling performance The CFD
simulation and experimentsrovethat the new design enables more coolant to
reach the surgery zondimiting 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.

(il) Closedloop temperature control grinding device

For caniosynostosissurgery, the novel grinding devicels proposedto

continuously monitorthe grinding temperatureand 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 surgedgefined range, with the
latency of less than 1 second. Furthermpour desigmot only ensures the
coolant spray outlets remain unobstructed by debris dumgmngding but also
effectively removes debris at the interfac®ur design mighteduce the risk of

potential complications, such as bone hyperplasia

(iif) Multifunctional ceramic tool

For ONFHsurgery, the multifunctional ceramic surgery toas innovatively
designed and additively manufactured for eashage ONFH treatmenilhe
multifunctional tool can not only act as a drilling tool, but also retain itself in the
drilled hole as a bone scaffold. At the meantinige tool can delivery active
ingredient (Vitamin C) for fast recoveryhe proposed toolis additively
manufactured withthe inter-connected pore structures (witthe porosity of
50%, 70% and 80%he toolnot only meetsrequired mechanical properties

but also shows drug releasing function witbntrollablediffusion ratesin 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 threedesigred tools minimize complication occurrencen
craniosynostosis andONFH surgeryopening new opportunities for the
development of orthopedic surgical tools using additive manufacturing

technology.
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| would like to sincerely thank nsgpervisoProf. HaonarnLi His every look and
everyword weretremendous encouragement to merom the beginning of my
PhD journey, his recognition and appreciatraade me quickly find direction in

my research topics. During moments of setbacks and discouragement, he
helped me find new ideas and never gave up on me. When my paaer
accepted, he encourageand affirmed me, and reminded me that continuous
breakthroughs lead to greater achievementgile Iwaspresentirg in front of

the audience are memoriehis affirmative and gratified eyes always made me

unforgettable.

| feel very fortunate to have met nsupervisoProf. HaonanLi, and it is a great
honor to bememberof his research group. During my four years of pursuing
my PhD, he ha fully supported my research, providing all the necessary
experimental conditions, including funding, equipment, and persanitel
allowned me to experience the convenience and freedom of conducting
experiments. Hewas always patient and meticulousHis wordby-word
revisions of my thesis and his tireless guidance on my questions, haleemea
realize the silent dedication and meticulous care that a teacher provides to their

students.

At the same time, | would like to sincerely thank Préinfeng He for his

guidance and support in my work. During the last two years of my PhD, from
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selecting the topic to conducting experiments and writing the paper, everything
was completed undehis careful guidance and was successfully accepted. His
profound theoretical foundation, rich practical experience, and rigorous
academic attitude in the field of additive manufacturing have greatly benefited

me.
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In this thesis, | receiveal few ofassistance from technicians, including

1 - Helps frommedical technologistvith guidance and experimentation in the

direction ofmedicine

Except for the above helps, | hereby declare that all the other efforts in this
academic dissertation atakenby myself under the guidance of my supervisors.
To the best of my knowledge, the work presented in this dissertation is original

and does not contain any research achievements published or written by others.
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University of Research Ethics Checklist
: for Staff and Research

Nottingham

UKOCHINA gMAL?YSIA Students

[strongly informed by the ESRC (2012) Framework for Research Ethics]

A checklist should be completed for every research project or thesis where the research involves the participation of people, the use of secondary datasets
or archives relating to people and/or access to field sites or animals. It will be used to identify whether a full application for ethics approval needs to be
submitted.

You must not begin data collection or approach potential research participants until you have completed this form, received ethical clearance,
and submitted this form for retention with the appropriate administrative staff.

The principal investigator or, where the principal investigator is a student, the supervisar, is responsible for exercising appropriate professional judgement in this
review,

Completing the form includes providing brief details about yourself and the research in Sections 1 and 2 and ticking some boxes in Sections 3 and/or 4 or 5,
Ticking a shaded box in Sections 3, 4 or 5 requires further action by the researcher. Two things need to be stressed:

- Ticking one or more shaded boxes does not mean that you cannot conduct your research as currently anticipated; however, it does mean that further
questions will need to be asked and addressed, further discussions will need to take place, and alternatives may need to be considered or additional actions
undertaken.

- Avoiding the shaded boxes does not mean that ethical considerations can subseguently be forgotten’; on the contrary, research ethics - for everyone and in
every project - should involve an ongoing process of reflection and debate.

If you have not ticked any shaded boxes, please submit the completed form to the Faculty's Research Ethics Officers, with any further required documents, for
approval and record-keeping.

If you have ticked any shaded boxes you will need to describe more fully how you plan to deal with the ethical issues raised by your research. Please
submit this completed form to the Faculty's Research Ethics Officers, who will decide whether your project requires further review by the UNNC Research Integrity
and Ethics Committee and/or whether further information needs to be provided,

The following checklist is a starting point for an ongoing process of reflection about the ethical issues concerning your study,

Ticket No..  REQ2024090454
Approval No: FOSE-202425-002

SECTION 1: THE RESEARCHER(S)

1.1 Name of principal researcher: * Bixuan Wang

1.2 Status: * Staff Postgraduate research student
1.3 Faculty/Department: * FoSE

1.4 Email address; * BIXUAN.WANG@NOTTINGHAM.EDU.CN

1,5 Names of internal project members (if
applicable):

1,6 Names of external project members (if . . . —
xternal proj ( Preventing Thermal Osteonecrosis through 3D Printed Geramic Grinding Tool

applicable):

1.7 Names of Supervisors (if applicable):

1.8 I have read the University of Nottingham's Code of Research Conduct and Research Ethics (2023) and agree
to abide by it: YES

1.9 (If applicable) I have familiarized myself with the Research Ethics Guidance for Social Media and Internet
Mediated Research accessible at: YES N/A
Social Media Research final v1 13 June 2023.pdf *

1,10 FoSE - Please read the List of Points to consider when submitting and Ethics Review (taken from ESRC

(2012) Framework for Research Ethics) )and attach your response, * LIST OF POINTS TO CONSIDER
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2.1: Title of project: *

2.2: Proposed start date and end date of the
project:*

2.3: Research question(s) or aim(s)*

2.4: Summary of method(s) of data
collection*

2.5: Proposed site(s) of data collection *

2.6: How will access to participants and/or
sites be gained? *

Please provide brief details about your proposed research, as indicated in each section.
Preventing Thermal Osteonecrosis through 3D Printed Ceramic Grinding Tool

2024-09-20 ~ 2024-10-01

Research Aim:To design a hollow ceramic grinding tool enabled by additive manufacturing that minimizes the
occurrence of complications such as osteonecrosis due to high surgical temperatures. The specific problems being
address are in the inability: (i) restrict the heat accumulations, and remove excessive bone debris. (ii) less apoptosis
and edema area to the rat brain.

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 (0 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 and cleansed 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 skull at the

All data is collected in the animal laboratory of the First Affiliated Hospital of Ningbo University.

The animal laboratory is located in Room 2010, 20th floor, Construction Bank Building, First Affiliated Hospital of
Ningbo University.

The data collection method is detailed in Section 2.4.

The collected data is stored at the First Affiliated Hospital of Ningbo University.

Wei Su is a doctor at the First Affiliated Hospital of Ningbo University, responsible for the animal experiments in this
project. Wei Su is aware of the animal experiment purpose of this project and understands his role in the animal
experiment.

SECTION 3: RESEARCH INVOLVING USE OF SECONDARY DATASETS OR ARCHIVES RELATING TO PEOPLE

If your research involves use of secondary datasets or archives relating to people, all questions in Section 3 must be answered, If it does not, please tick the

'NOT APPLICABLE' box and go to Section 4,

NOT APPLICABLE

SECTION 4: RESEARCH INVOLVING ACCESS TO FIELD SITES AND ANIMALS

If your research involves access to field sites and/or animals, all questions in Section 4 must be answered, If it does not, please tick the '"NOT APPLICABLE' box

and go to Section 5.

NOT APPLICABLE

Please answer each question by ticking the appropriate box,

4.1: Do you have permission to access the site?* YES NO
4.2: Does the site have an official protective designation of any kind?* YES NO
4,3: Will this research place the site, its associated wildlife and other people using the site at any greater physical risks than are YES NO
experienced during normal site usage?*

4.4: Will this research involve the collection of any physical materials from the site?* YES NO
4.5: Is there any potential for exposing the researcher(s) to any significant risk of physical or emotional harm?* YES NO
4.,6: Will the research involve vertebrate animals (fish, birds, reptiles, amphibians, mammals) or the common octopus (Octopus YES NO

vulgaris) in any capacity?*
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a)If yes, will the research with vertebrates or octopi involve handling or interfering with the animal in any way or involve any
activity that may cause pain, suffering, distress or lasting harm to the animal?*

Explanatory:(Since you typed 'YES' in 4.6.a, please provide an explanation.) *

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 and cleansed 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 skull at the same location for each group.

SECTION 5: RESEARCH INVOLVING THE PARTICIPATION OF PEOPLE

If your research involves the participation of people all questions in Section 5 must be answered,

NOT APPLICABLE

Additional attachment:

Please note that it is your responsibility to fellow the University's Code of Research Conduct and Research Ethics and any relevant academic or professional
guidelines in the conduct of your study. This includes providing appropriate information sheets and consent forms, and ensuring confidentiality in the
storage and use of data. For guidance and UK regulations on the latter, please refer to the Data Protection Policy and Guidelines of the University of
Nottingham,

Policy and guidelines - Attps://www.nottingham.ac. uk/governance/records-and-information-management - ion, - ion-,

The University of Nottingham Ningbe China Data Management Pelicy can be found here: UNNC Data Management Policy {provisional).pdf

Any significant changes in the project, i.e. research question(s), design or conduct over the course of the research should be notified to the
Faculty's Research Ethics Officers and may require a new application for ethical approval.

Faculty Research Ethics Panel Review Instructions

If the project triggers one or more of the criteria specified in section 4.1 of the Code of Practice for Research Ethics Review Committees (Code of Practice for
Research Ethics Committees (CoPREC) v3 12 Dec 2023.pdf), it should be reviewed by the UNNC Research Integrity and Ethics Committee*

« Approve (the research can go ahead as planned)

* Return to Initiator (further information or amendments are needed to the research protocof)
* Transfer to Joanna Huang (refer to UNNC Research Integrity and Ethics Committee)

* Reject

Approval Information

No. Step Name Sign Action Date Comments
1 Start Bixuan Wang submit 2024-09-18 19:34
2 Supervisor Haonan Li Approve 2024-09-19 02:22

The University expects data to be
retained for a minimum of 7
years, Please revise Q16 in A,

3 Ethics officers Byung Gyoo Kang Return to Initiator 2024-09-24 14:35 LIST OF POINTS TO CONSIDER
WHEN SUBMITTING AN ETHICS
REVIEW.
The University expects data to be
retained for @ minimum of 7

. i . - X years. Please revise Q16 in A,

4 Ethics officers Byung Gyoo Kang(Owner:Sherif Welsen) = Return to Initiator 2024-09-24 14:35 LIST OF POINTS TO CONSIDER
WHEN SUBMITTING AN ETHICS
REVIEW,

5 Start Bixuan Wang submit 2024-09-24 16:27

6 Supervisor Haonan Li Apprave 2024-09-24 20:08

7 Ethics officers Byung Gyoo Kang Approve 2024-09-25 16:04

g Ethics officers Sherif Welsen Approve 2024-09-26 15:52

9 End 2024-09-26 15:52 Approved
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Chapter lintroduction
Mdm . I Ol AN dzy R

1.1.1 Orthopedic disordes

In recent years,lte number ofpatients with orthopedic disorder conditions is
rapidly on the rise due to the aging of the glolgapulation and modern
lifestylescharacterized by prolonged sitting, lack of exercise, and poor dietary
habits.In 223, athopedic disorder conditions affect approximately 1.71 billion
peopleworldwide, accountng for 12.8% of total disease burdecording to
World Health Organizatigfh, 2] Gmmon orthopedic conditionsinclude
osteonecrosis of the femoral hed@NFH)craniosynostosisarthritis, fractures,

and spinal disordersThese conditionsignificantly limitpatientmobility and

dexterity, and even lead tdisability andife threatin severe cases.

Among the various orthopedic diseases, craniosynostosisOatieHare widely
recognized due to their unique pathological characteristics, clinical surger

complexity, and the high intraoperative risk.
(i) Craniosynostosis

Craniosynostosis is a serious orthopedic disease that mostly occurs in male
newborns[3]. Approximately150,000 to 200,000 infants are diagnosed with
craniosynostosis each year in the worl@aniosynostosis isharacterizedby

the premature fusion of one or more cranial sutures, which disrupts the typical

tA8SH|H
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growth and development of an infant's skull and craniofacial struct(4¢s
Craniosynostosis may cause serious complications such as intracranial

hypertension, skull deformity, and intellectudisability(see Figure-l a, b)

The main purpose of aniosynostosis surgergto correct skulshape through
grinding techniques to ensure proper brain development and relieve
intracranial hypertension.Higure 11 c) The surgical area is close to critical
brain structures therefore any small mistakes may result in irreversilalied
even life-threatening brain tissue damage, cognitive impairment, other
neurological deficits, or severe bleedir@onsideringnfants are a vulnerable
group compared to adultst requires high precision at meticulous attention

during craniosynostosis surger
(i) Osteonecrosis of the femoral head

Osteonecrosis of the femoral head (ONFH) is one of the most common
orthopedic diseases, witthe 2-5 million cases worldwidg]. ONFHrefers to

the condition where the blood supply to the femoral head is reduced or
interrupted, leading to ischemic necrosis of bone tissddéis condition
ultimately resultsin destructionand collapse of the femoral headlvithout
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 11 d, e).

tl 28®H
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ONFHsurgery mainly includes fracture reduction, bone gtafg, and joint
replacement Figurel-1 ). The femoral head is situated deep within the hip
joint, therefore surgcal areais restricted, posingnajor operation challenges.
Although ONFHinay not directly lead to deaththis complex and challenging
surgey can easily result im highrisk or fatal complicationginfection, and
recurrence of nortraumatic osteonecros)s The mortality rate after ONFH
surgeryis approximately 0.5% to 1.5§6]. This rate tends to increase with

patient's age and presence of complications.

(d)

Figure 1-1: Two special orthopedic diseasega) patient, (b) CTand (c) surgery of
craniosynostosif/, 8], (a) patient, (b) Cand(c) surgery of steonecrosis of the femoral head

[9, 10]

1.1.2 Tools in orthopedic surger

The development oftools used for craniosynostosisand ONFHsurgey is

garneredsignificant attentiors due to the increasing severity artde number

t BSH|H
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of patients affected by theséwo conditions. Conventionalorthopedic tools
(such as bone drills and bone grinding toaisuire surgeons to manually
control bone surgery details (such as temperature indbeesurgical area) and
carefully manage the postoperative site (including remedvbone debris)
resulting in low surgical efficiency and complicated surgical proceduiigslf
conventional orthopedic tools are not properly operated, excessive
temperature insurgical are@anlead to bone tissue necrosis, and residual bone
debris can increase the risk of postoperativenfection. Based on above,
conventionalorthopedic toolsare considered to bdow efficiencyand low
precision, resulting in poor operational stability and high incidence of
complications Therefore, conventional orthopedic toodégeno longer meet the

current medical field demands.

In recent years, innovative cuttirgdge technologies such as additive
manufacturing are infiltrating all aspects of orthopedit¢ooling solutions.
Conventionalorthopedic tools are gradually being replaced by innovative
orthopedic tools that are intelligentialideand customizedTheseinnovative
orthopedic took utilize sensors and control system to provide riade surgical
feedback and assist surgeons in decigioaking. 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.

tl AS®H
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° In craniosynostosisurgery,bone grinding aims toemove excesse bone
tissuethrough mechanical forgethereby correcting skull deforation or
reducing bone irregularitied 2]. Howeverthe majority of theinput power
is converted into heat during the grinding process, resulting in unbearable
heat accumulation in thgrindedbone tissue Conventional solid grinding
tools used in craniosynostosis surgery bounce back a majority amount of
coolant,resulting in ineffective cooling of the overheated surgical gse®
Figure 12 a) Excessive temperaturemay damageperipheral brain nerve
tissue[13] and cause bone cells to die, potentially leading to irreversible
risks such as vision lodsl], control loss of facial muscle, or strgid®] (see

details in Chapter 3)

° In craniosynostosisurgery the slight temperature variationsn critical
brain area can lead to permanent or irreversible brain damage (etails
in Chapter 4 However,surgeonsare unable to monitorreattime and in
process temperature changes in surgical gsese Figure-R b), considering
the existing codhg strategiesfor bonegrindingare primarily empirical and

based on skills or experiences.

° In ONFH surgeyyhe implantation of artificial bongor other materials into
a patient'sskeletal systenaims to repair damaged bone structure and

restore function and stabilityBone implantation operation is typically

tl BSHH
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performed in the middle and late stages of ONFHis operatiorrequiresa
large number of surgical toolg¢such as gide wires aurgical drils,
cannulated reamersaurettes, etc.) and involves complex surgicakteps
(including mcision gquide wire insertion, drilling, wrettage and bone
implantation) (see Figure-2 c), contributing to a high failure rate ranging

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

2 =

7 NN

No temperature No temperature No temperature
sensing monitoring controlling

(b) &» !- ;‘.,

Conventional

solid grindiw
—

Excessive heat
causes cell death

Osteonecrosis of the a large number of surgical tools
femoral head and complex surgical procedures

(@) (©)

Figurel-2: Problemsn craniosynostosiandosteonecrosis of the femoral headirgeries(a)
ineffective coolingdue to conventional solid grinding tools; (lback of temperature

monitoring and contrgl(c)a large number of surgical tools and complex surgical procedures

z

mMeif O21LJS 2F GKS &aiddzRe

To addressseries ofsurgical risks caused by conventional tools and surgical
strategies, this thesis aims to explore innovative tooling solutions for
craniosynostosigand ONFHsurgeryin terms of design, fabricatiomreliminary
performances, andreal in-vitro or invivo tests. Theontextof this thesisis as

follows (see Figure-3):
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Chapter 1provides ageneral introduction covering the background of
orthopedic di®rdersandtools in adaniosynostosis an@NFH surgery (Section
1.1). Threemain issuesn craniosynostosis an@NFH surgergire discussed in

Sectionl.2. Thethesisstructureis explained in Sectiofh.3.

Chapter Zoresents thedetailed literature reviewegarding(i) cooling strategies
In craniosynostosis surgefSection 2.1)ji) ONFH surgery (Section 2.2), and (iii)
additivelymanufactured tools (Section 2.3Research gaps are proposed

Section 2.4

Chapter 3 proposgthe hollow grinding tooto solve the excessive temperature
duringcraniosynostosigrindingsurgeres.Section 3.Jrovides a introduction
and motivationof the proposed hollow tool. Thetool is explained from the
aspects odesign(Section 3.2)fabrication(Section 3.3)coolant permeability
test (Section 3.4)invitro assessment (Section 3,59nd irvivo assessment

(Section 3.6)

Chapter 4 proposgthe conformal coolig grindingool and a novel closetbop
temperature controlbone grinding deviceThe proposed toohddresgs the
lack of precise temperature monitoring and reding in craniosynostosis
surgical area when usingpnventionaltools and cooling sategies.Section4.1
provides & introduction and motivation of the proposd closedloop
temperature controlbone grinding device The research is divided into the

following sections: (irlosedloop temperature controlbone grinding device

t ISH|H
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design(Section 4.2)(ii)conformal cooling grindingpol fabrication(Section 4.3)
(ii) internal cooling channels CEbDnulation (Section 4.4)iv)closedloop and

temperature control tes{Section 4.5)and (v) in vitrassessment (Section 4.6)

Chapter 5 introducesthe novel multifunctional ceramic tool thaftcan
simultaneously act as bone drilling instrumenta bone scaffoldand an
ingredient delivery device in ONFslirgery The proposed multifunctional
ceramic tool aims to addressomplex ONFHsurgicalprocedures (including
incision guide wire insertion, drilling, wirettage and boneimplantation) and
the excessivemploymentof tens ofsurgical toolgsuch aswrgical dril] guide
wires, cannulated reamersaurettes, etc.) Sectiorb.1 provdes an introduction
and motivation regarding the reasons for proposing tftifunctional ceramic
tool. The research is divided into multifunctional ceramic toallesign(Section
5.2), (iymultifunctional ceramic todlabrication(Section 5.3)(iii)drug releasing
test (Section 5.4)(iv)bone drillingtest (Section 5.5)and (v)implantationtest

through osteoblast induction assessmef8ection 5.6)

Chapter 6summariesresearch work(Section 6.1) and discusses research
findings and outcomes (Section 6.Particularly outliningthree additively

manufactured toolingsolutionsbenefits formedical fieldapplications.
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1.1

Background
1.2 ) Ci}

Problem definition

1.3

Scope of the
study

2.1
Craniosynostosi
surgery

2.2

ONFH surgery
2.3

3D printed tools
2.4

Research gaps,

6.1

Research work
summeries

6.2
Research findings

and outcomes
Innovation Bone
\S Surgery tools

5.1 Motivation
5.2 Concept
5.3 Fabrication
5.4 Drug releasing
ability

5.5 Bone drilling
ability

5.6 Implantation
bility

3.1 Motivation
3.2 Concept
3.3 Fabrication

3.4 Coolant flow
test

3.5 In vitro test
3.6 In vivo test

4.1 Motivation
4.2 Concept

4.3 Fabrication
4.4 Simulation

4.5 Temperature
control test

4.6 In vitro tes

Figurel-3: Scope of the study.
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Chapter 2Literature review & Research gap

¢CKS fAOSN)I G0dzNBE NIWWASE Aa OF NNASR 2dzi 7
A0UNY 0STIASE Ay QEPR/GCIRIEGEN2YEMZhSHACHR FNINTASS N.
YR 6AAMOL yHdEFR AQIIAJENESRE (2 f K SO loRy/ S AN Y
LINPOSaa Ay ON}yAzaeyz2aitzara adz2NASNE O
Oy RFYF3S (KS &dzNNEP dzy RA y>3 oddNaHOA ya dZNBESSEN
Ay @2t 0S& dNAXION $E aiSLA | yR (vy3yea 628¥F R dzh
TN OGdNBa YR NBDINWNBRBA S RRE O ¥y FONA I &

z ~

6§SOKy2f 238 LINPOJDARSE yS¢ LR2aairoAftAldASa
HO@2t Ay 3 A NYWSTAYINEHISNUA &

I N} yA2aey2a2aHa B8 O dzZNEBSNLISNF 2 NYSR  RdzNJF
RSOSt2LIYSyld adl 3So 1GIKSHzKNE dzft RA #3932 v 6 &z8.
I NN} A8 NBDB) tz2 NRX y I 0SSy L&SING AiddgNE N2 g3S Rd
& dZNHIZNILINB OSYy i ANNBISNEAOGES O2YLIX AOI 0A
AYLI ANXYSyGaed ! ROIYyOSR O22t Ay3 adaNy GdS3a
VSs GtNBNEOAIET F2NJ YFAYOGFEAYyAy3I adloftS

YR AYLINRGAY A LIR2a0G2LISNY GAGBS 2dzi02YSao
2.1.1Based orexternal coolantsupply systems

Ly 3ASYySNIt>X 0602yS INAYRAYI SLINE OSNBIZNB 2

STFTSOGALPS Ay NBRAZOAY I KSI NOR GOHZNERI ik
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0K2aS gAGK2dzi O022ftlyld RStAOSNE® bdzYSN
O22fl yi adAYDRIZRBETSNIRIF TAVRRE X6 ORAAL  GNE
FtdzaKAYy3aT |yR SELX 2NBR GKSANI STFFSOGA D
arAiSo

(i) For irrigation:

SalomaColl et al [16] and Augustin et al[17] found that external irrigation
combined withlow grinding speed can effectivekeep the bone temperature
below 47C Gehrke et al[18] recommendedhe innovative double irrigation
device (internal and external irrigation) to enhance existing cooling systems.
This techniqgue demonstrated great efficiency amdntrolled the bone
temperatureriseby only 12.4 + 0.75Qvhereas the external irrigation ambn-
irrigation methodded to thetemperatureriseby 21.7°C and 14.2°C respectively.
However, variations in coolant irrigation volumeutd still affect bone
temperature chang¢l9]. Strbac et al[20] discoverel that the maximumbone
temperature increase can be limited to 1.51°C (median) when usiegouble
irrigation cooling system witthe saline solution irrigation flow of 50 mL/min.
However, the delivery ohdequate coolantinto the grinding area remains
challenging dthough irrigatiorbased coolant supply systems are widely used

in actual craniosynostosis surgery.

(ii) Forspraying

t A2 WH
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Hou et al.[21] compared theeffects of salie 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 spegd an
cutting depth. Sasaki et gR2] developedthe spraying system that enabled
coolant to be delivered onto the grinding are& the highpressure & jet. The
spraying system effectively reduced the temperature not only at the grinding
area, but also at the surrounding area (soft tiss@round the bone). However,
excessive coolant sprayitgadsto an unclear vision in the surgical area, which
may affect the surgeon's operatiodamil et al[23] developedthe micro-spray
cooling system designed to ejette small amount of aksaline mixture under
high pressure. This system provided a mdubricated 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, althoudhey canreduce the highest temperature

in the bone grinding area tbe lower than thebone damage threshold during

the surgery.
(i) Forcryogenic flushing

Barrak et al[24] chilled a roorstemperature coolant to 10@nd thenusedthe
coolant toflushthe bone grinding area. The cryogenic coolant mairgditihe
average bone temperature variation within 1&hd achieved thenaximum

temperature increase fo2.1°Cduring thesurgical grindingprocess.The impact
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of cryogenic flushing on complicatiomns also exploredTakenak et al.[25]
demonstrated that using cryogenic saline flushing during craniosynostosis
surgey reduced clinical upper limb palsy incidencempared to room-
temperature saline The clinical upper limb palsy incidencsas 4.9% for
cryogenic saline flushingvhile 9.5% for roordemperature one. Similarly,
Murphy [26] found that 10°C cryogenic salingasmore effective in reducing

edema and inflammation compared to 25°C saline.

However, cooling strategies based dlifferent supply systems 8k have
limitations. For instance, an insufficient amount of coolant reaching the bone
tool interface resulted in low heat dissipation efficief2y]. The cost of coolant
supply systems(including nozzles, pumps, and coolaptsvas high [28].

Therefore petter cooling strategies in craniosynostosis suygae still needed.
2.1.2 Based omewtools

Except for coolant supply systems, new tools can reduce bemperature
during surgeryBabbar et al[29] developedthe convexshaped grinding tool
and conducted bone grinding tesfihe proposed conveghaped tool reduced
the bone temperature the highest46.02°C) more effectivelgompared to
conventional spherical grinding toals[30]. Similarly, Houy21] developedthe
novel diamond bullet grinding tool, whiclieduced the highest bone
temperatureto be 38.29°C during bne 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 ared.una et al.[31] and Zhou et al[32]
proposed that creating micrgrooved structures on diamond grinding tools
could not only effectively reduce bone debris retention but also enhance heat
dissipation in the grinding areAugustin et al33]andGok et al[34] suggested
that the integration of cooling channelmto grinding tools could directly deliver
coolant to the boneool interface. Thehighestbone temperature using such
grinding tools withthe internal cooling system was 7.8C lower than that using
conventional solid grinding toolédditionally, Babbar et al35] developedthe
bone grinding tool equipped witthe automated control system. This tool not
only reduced surgery difficulty but also kept surgical area temperatnirige
below 43°C.Enomoto et al[36] introducedthe grinding tool coated witlihe
hydrophilic film. The proposed grinding tool withe excellent hydrophilicity
allowedthe improvedcontact with coolant, limiting bone temperature increase

to be 30°C during onaminute continuous grinding.

~Inlet nozzle

I
Outlet nozzle
-

Tool
H -

A
o
,'\

Chuck

(d) Spherical metal bonded (e) Grinding tool with micro- (f) Tool with internal (g) Grinding tool coated
diamond grinding tool groove structures cooling channels with a hydrophilic film
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(Source: 418], b[22], c[37], d[30], e[31], f[34], g[36])

Figure2-1: Researclon cooling strategies inrgniosynostosisurgery: (ajrrigation cooling
system, (bjpray coolingystemand (c) cryogenic flushing systeare based coolangupply
technologies(d) spherical metal bonded diamond grinding to¢d) grinding tool with micre
groove structures(f) tool with internalcoolingchannes and (g) grinding tool coated with a

hydrophilic filmbased on newools.

2.2 Operationalprograms in €moral headosteonecrosisurgely

When ONFHleteriorates and nonsurgicalprocedures (pharmacotherapy and
physical therapy) prove ineffective, most patiemiseda surgical intervention
to alleviate pain and maintain mobili{38]. The ONFH surgery involves three

main steps: bone drilling, bone implantation, atidig delivery.
2.2.1 Bone dilling step

Bone drilling is an indispensaldeepin the surgical treatment of ONEFMuan

et al.[39] analyzed the impact of different drilling positions (above, parallel, and
below) on the mechanical propertied femursutilizing finite element method.
Thefemoral 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 p4ble
Mohanty et al.[41] recommended multiple smatiameter drilling procedures
instead of a single drilling procedure during ONFH surganyran[42] found

that multiple smaHldiameter drilling procedures were considered safer and less
invasive compared with a single drilling procedure. The muldpleng 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 collapseidence (multiple drilling:
55.0%; single drilling: 85.7%) over a thyemr period after surgery43].
However, due to high rigidity of currently used drilling totii&y are unable to
effectively reach the entire area of femoral head, resulting in limited drilling
coverageAlambeiget al.[44] developed the innovative steerable drill capable
of followingthe planned curveddrilling trajectory, thereby facilitating a muti

branch drilling procedure.
2.2.2Implantation step

LY hbCl &dz2NHSNEZ AYLI I yGlIGA2y A& | ONJ
a0 NHzOGdzNBE FyR NB&AG2NB FdzyOliAaz2y | yR ¢
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YFEGSNREFE 2ZINE I8 NI A AN NIz Al 14 f F2NJ GKSA!
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OSNJ YA O&a o

(i) Metals
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In recent years, porous magnesium alloy scaffolds showed promising prospects
in biomedical applications due to their degradation characterigi& 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 healingimdérous
studies demonstrated that porous tantalum rods for ONFH treatments achieved
favorable clinical outcomes and a high survival rate (74.1% at 62 mdbghs)
55]. Some researchers suggested combining tantalum with othaterials to
reduce high implant cog66, 57] Tantalum coatings were successfully applied
on stainless steel and titanium alloy surfaces through surface modification
techniques (electroplatingcarbonised, etc.J58, 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-tenm stability of

implants[60].
(i) Ceramics

Ceramic materials ha excellent biocompatibility, bioactivity, and mechanical
properties. They bamme an alternative to metal implants in ONFH suygédue

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 ratef 70-90% in clinical cases of ONf1, 62] However,
ceramic implants are prone to fracturand fragmentduring implantation
procedures due to their high brittleness. Shtansky efG8] and Donkov et al

[64] deposited ceramic coatings on the surface of mé@ased implants to
improve the mechanical properties of pure ceramic implants. Atiter 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].

2.2.3Medication delivery step

Drug delivery aims to promote bone repair and alleviate inflammation in ONFH
surgery. Neustad [66] suggested the direct intrarticular 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
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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 deliver{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 E&h

Target —_—
Lesion Area \gee®

P

/

rry 1

(a) Single drilling (b) Multiple small-diameter drilling (c) Innovative steerable drilling

Proposed
b/ eerable-Drill

Drug delivery ste
/ g Y P N

(e) Degradable magnesium
scaffold

(d) Porous titanium alloy rods
with diamond crystal lattice

&P LiVE T

A -«\_;p’_ p <
(f) Tantalum scaffold

(g) Bio-ceramic rod (i) Porous implant for drug delivery

&

(Source: 439], b[41], c[44], d[47], e[50], f[52], g[62], h[67], i[68])

Figure2-2: Research on Osteonecrosis of Femoral Head surgery stegmdi@drilling, (b)
multiple smaHldiameterdrilling and (c) Innovative steerable drilling are drilling surgery step;
(d) porous titanium alloy rods with diamond crystal lattjcg) degradable magnesium
scaffold (f) porous tantalum scaffolcand (g)bio-ceramic rod are implantation step; (h)

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

2.3 Additively-manufactured tools
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In tool design andabrication, additive manufacturingrings various benefits,
including flexible designcost savingsand customized production. Additive

manufacturing is widely used to produ@iggrinding toolsand (ii) cutting tools.
(i) Grinding tools

Tian et al]69] developed three types of metddlonded diamond grinding tools
with different structures(solid, honeycomband octahedral structurg using
Selective Laser Melting (SLNBchniques. These tools exhibéd excellent
dressing and seharpening capabilitieis grinding experimentdlowever, the
abrasive layer of metddonded grinding tools has a limited porosityo address

this, Peng et al[70] developedthe porous diamond grinding tool with high
porosity (53%yYyia SLM.Tianet al.[71] fabricated grinding to@based on triply
periodic minimal surfacestilizihg SLM andptimizedthe tool porosity to 60%.
Denkena et al[72] producedthe Ni-Ti bond diamond grinding tool utilizing
Laser Powder Bed Fusi@bPBF) technologyfhe deepest scratch of the i
bond RAFY2YR 3INAYRAYy3I G(G22f¢ gl a 2yfte yo
mechanical propertiesn the scratch test However, LPBF may affetie
integrity and durabilityof grinding toolsdue 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 qualiypst studies
focusedon mixing abrasive grains with resmfabricate grinding tools via DLP
including resirbondeddiamondgrindingtools[70, 73, 74jand resirbondedSiC

grinding tools [75]. The resin bonded diamond grinding tools achieved the
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bending strength of 80 MPE73]. Additionally, Barmouz et al[76]
manufacturael grinding tools with internal cooling channels arslots,
demonstrating the design flexibility and customization capabilities of additive

manufacturing
(if) Cutting tools

He et al.[77] successfully manufactured thieoneycombshaped triangular
zirconia cutting tool with high hardness (13.0597 GRa$LASandhu et al.78]
manufactured the acrylonitributadienestyrene (ABS) cutting tool utilig
Fused Deposition Modelin(FDM) FDM controlled the toodimension and
surface smoothness error within 2 mf@8]. Traxel et al[79] developedthe
diamondreinforced cutting tool utilimgDirected Energy DepositidDED. The
tool exhibited high antadhesion propertieswhich produced 35% less chip
accumulation than conventional cutting toolSimilarly, Traxel et al.[80]
fabricated the C&CrW superalloy cutting tool via DED with the total tool wear
less than 150 um. The foflute martensitic cutting toofabricatedby Direct
Metal Laser MeltindDMLM)exhibited higher wear resistancetal wear less
than 119.5 ym compared to tools manufactured by DEE1]. Additionally,
LPBRwvas used to manufacture metal cutting tools with complex structures,
such as W&o tools with porosity{82] and multitooth cutting tools with

internal cooling channel83].
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(a) Metal-bonded diamond  (b) Porous structured diamond (c) Resin bonded SiC grinding (d) Grinding tool with internal
grinding tool grinding tool tool cooling channels and slots

(e) Honeycomb-shaped (f) ABS (g) Diamond-reinforced (h) Co-Cr-W superalloy (i) four-flute
triangular zirconia cutting tool cutting tool cutting tool cutting tool martensitic cutting tool

(Source: 469], b[70], c[75], d[76], e[77], f[78], 9[79], h[80], i [81])

Figure 2-3: Additivelymanufactured tools (a) metalbonded diamond grinding tool(b)
porous structured diamondrindingtools; (c)resin bonded SiC grinding to@dl) grinding tool
with internal cooling channeland slots (e) honeycombshaped triangular zirconia cutting
tool, (f) ABS cutting tool(g) damondreinforced cutting togl (h) CoCrW superalloy cutting

tool and (i) four-flute martensitic cutting toal

2.4 Summary of research gaps
(i) Lack ofeffective coolingandtemperature control for craniosynostosisurgery

Gooling strategies based osither external cooling systemar new tools still
face substantial challengeBor external coolant supply system#sufficient
amounts of coolant reaching théool-bone interface leads to low heat
dissipation efficiency and unstable bone temperatuidse high cost of coolant
supply devicegsuch as nozzles, pumps, and coolafitaits the widespread

application of external coolingtrategies.For new tools:The new tool with
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hydrophilic coatings exhildtlow cooling performance and efficiency due to
iInadequate bone chip evacuation capabilitis®reover, most studiefocus on
enhanang cooling strategiesThere is a lack of research on temperature

monitoring and precise temperature control in the surgical area.
(i) Lack oimultifunctional tools andan early intervention strategyor ONFHsurgey

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 ONFHowever, few studies integrate the tools involved

in surgey into a multifunctional tool to simplify numerous surgical steps.
Additionally, an early intervention strategy for ONFH is essential, which is also

absent inliterature.
(i) Lack of additivdy-manufactured tools inorthopedic surgery.

Additive manufacturing technologies are predominantly utilized in mechanical
component production, such as grinding and cutting toolsAdditive
manufacturing in the medical field can enable the customization of surgical
tools, thereby enhancinghe treatment outcomes. However, this application

remains relatively underdeveloped.
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Chapter 3Hollow grinding tod

3.1 Introduction and notivation

Grindirg is awidely used technique igraniosynostosisurgey for either bone
removng or reshaping12]. However, traditional higfspeedrotating grinding
tools generate unacceptably excessive heat between the-lbook interface
Excessive heat leadto localized thermal osteonecrosis, surrounding tissue
damage, and further severe consequengssch as vision logd4, 15]and
nerve damagg13]). Controlling heat is therefore especially crugigd]. The
aims and objectives in this chapterda®king for an effective and cosffficient

strategy to compress surgery heat.

In this chapterwe proposethe redesigned hollow grinding tool that facilitates
much morecoolant flow onto the tool-bone interface, thereby accelerating
heat dissipation and controlling local temperature incredsehis chapterthe

zirconia grinding tooWith the 3D Voronoigeometry isdesigned(Section 3.2,

Figure3-2b) and successfully fabricated by using Nano Particle Jetting (NPJ)

technology (Section 3.3,Figure 3-3 b-g). The coolant flow penetration
performanceis proved in Section 3.4 (FiguB8). The grinding abilitis tested
both in vitro (Section 3.5Figure3-10) and in vivo(Section 3.6Figure3-11),
demonstrating promising performances. This design not only presdissie
viability at and around the grindingite but also minimizethe risk of infection

and hyperostosis caused by debresidue
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Figure3-1: the methodology that we followed to design, fabricate and verify our proposed
hollow grinding tool: &) design grinding tool with 3D Voronpiinciple, (b) fabrication of

designed grinding toolc) testing & simulation for the coolant flow penetratiomnd
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3.2.1 Concept
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Unlike conventional solid grinding tools thabunce backthe majority of
coolantin the surgeryand therefore have low cooling efficienflyigure 32a),
the hollow structure permits coolant to penetrate through the tool and flush
the tool-bone interface (Figure-3b), thereby reducing heat accumulation and

aiding in the removal of bone debris generated during surgery.

= . : Fluid pass
Fluid reflected Conventional solid thioi E the Designed hollow
by the grinding tool oty el 2 e inding tool
grinding area |y, % \ grinding too
v

grinding tool \ /

S
Excessive heat

causes cell death
bone

(@) (b)

Figure3-2: Conceptual diagram of (a) conventional sgjthding tool and (b) the proposed

hollow grinding toal

3.2.2 Structural design

The basic structure of the proposed grinding tsalesigned using 3D Voronoi,
which is known for achieving a favorable balance between high structural
strength [85] (to serveas a surgical topland adequate porosityto allow
coolant to permeat@ The geometry of the grinding tooicludesa head with
the diameter of 10 mmthe length of 12 mm, anthe rod with the diameter of

3 mm. More detailed parameters of theroposedhollow grinding toolare

presented intable 31. The model of the hollow grinding toslcreated using
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Rhino software and the Grasshopper piagversion 7.20.22193) and then

exported aghe STL file.
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The developedgrinding tool features two distinct grindingegions: (i) the
scaffoldregion (illustrated in Figure -3, blue aregd and (ii) the solid region
(shown in Figure-3, yellowared. 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 FigBu®& light blue line), effectively
dissipating grindingnduced 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 peréoice is

not adversely affected.

To further improve grinding efficiency, wecorporatea circular solid sector
into the design. This soliegionis specifically intended to enhance material

removal ability during surgical proceduresWhile the reticular scaffold
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predominantly serves to assist the grinding task,contributing to micre

material removal and the enhancement of surface flatness.

(scafford structure)
Auxiliary grinding

/ (scafford structure)
Auxiliary grinding

nozzle

1% Small chips K
2 | = :

Figure3-3: 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)
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3.3.1 Fabrication route

The STL model was sliced for fabricatisee(Figure3-4 b and c). TheNPJ 3D

Printer (XJET, Carmel 1400C, Israel, shown in Re¢lveind Figure3-4e) was

used for printing all the grinding tools. This system allowed the stipedayer
GKAOlYySaa 2F wmnodp >Y I|yR (GUKS =2StGAy
Nanoparticle based structural and support inks werepcated to form 3D
structures and both inkeere provided by XJET. The inks were printed onto a

heated substrate (180°C) and then scanned by using a halogen-bafiesl
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heating lamp to facilitate the volatilization of organic solvents in inkse
schematic of the printingprocess was revealed in Figuset d-g. In order to
compensate the shrinkaginat happered during the sinteringthe shrinkage
factor of 17.8% was applied on the designed struc{8]. After printing, the
printed structure was then removed from the printing stagdne ceprinted
water-soluble support was removed, and the part was then sintered in a
programmable sintering furnace (FM9/17, FaceRom, China). After reaching
the sintering temperature of 1450°C, it was held for 180 mins and then cooled
to room temperatire. 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 meamte the friction coefficientsonly half of
alumina ceramics.

¢ | oofmS

The specific material ink

commercial ZrOihk (C800 zirconia mod: support ink (SC300, XJET)
dispersion grade 7250001, XJET)

45wt% glycol dispersing  31wt%Na2Co3 glycol dispersing

ZrO2Zpowder ethers agent ether agent
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3D Voronoi

f

Figure3-4: Design and Fabrication flow diagraga) 3D Voronoi design theory; (b) slicing

process and (c) slice shape of each layeg)(specific process for grinding tool fabrication.

3.3.2 Geometrical and mechanical evaluation

The printed tool edge surfaces showed stepped or streamlined microstructures
(Figure3-5 b and ¢, which enhanced material removal ability and grinding
efficiency in surgry. Particle agglomeration was rarely observed after the
sintering process suggesting completed sintergiihough the structures were
printed with ceramic nangparticle ink The printed structure showed good
geometrical consistency with our design asliwalthough shrinkage happened

duringsintering.
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The circular runout was a crucial index for a rotating tf@f], and the
roundness of the printed tool was tested as shown in Figd#®d. The
OANDdzYFSNBYGALFT Nzy2pdzed YRl ZHER FRABOYE dymv
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 ind&tor pointer, especially considering the solid portion might

result in structure asymmetryFigure3-5e). Based on our experiments, the

swing range of the grinding tool during rotatisrasH ®m >Y® ¢ KA a VY I N
could be negligilte when considering external factors, such as hand and motor
vibration in real surgery88, 89] As an important indicator, the mechanical
performance of the printed tool @as 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 tis§86), and

31 times higher than that of the trabecular bof#l] (see Figure -59).

With the continuous grinding operation, the proposed tool strengtigmhbe
reduced. To investigate the fatigue performance, we performed three runs of
long-period grinding experiments with separately 1, 5 and 10 mintherbone
tissue Please note the normal period for one trial of continuous grinding
operation ould be no more than 1 minf35, 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 procesadithe same trend and the

similar ultimate strength as that of the tool without grinding (see Fid6h).
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In comparison with aunused too] the tool strengthwasonly reduced by 5%
even for the 1@minute trial, and theeduced tool strengttwasstill larger than

bone strength.
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Figure3-5: Evaluation of the printed hollow grinding tools: (a) sample picture ang) REM
morphological images of 3D printed hollow grinding tools; (d) roundness test device and (e)
dynamic balancing results; (f) tensile test and (g) obtained ss&as curvebetween hollow

and conventional grinding tool and (h) strestsain curve after longperiod grinding.
oh¢ KS O22ftyld Ft2¢ LISYSGNIGAzZ2Y

3.4.1 CFDBsimulation

To verify the enhanced coolant permeability of our destge,Computational
Fluid Dynamics (CFD) simulatisperformedto model thecoolanttrajectory

during the grindingorocess
(i) Method

The CFD analyssused to simulate, analyze, and predict the airflow behaviors

and coolant distribution within the aicoolant twophase system. The 3D
transient interactions between the spray droplets and the surroundinguar

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 applicatsons
selected[93, 94] The nozzle produsR NB LIS SGa 6AOK |y | @SN
[95], enabling detailed process capture. The timesssget to 1e5sto maintain

aCourant number below 1, and the roti&in speeds set to 523 rad/s, consistent

with the experimental condition of 6000 rpmlhe CFD simulation &s

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,
(i) determining coefficients for shape variation and analyzing dynamic

interactions between phasesnd (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 parcelsThe modelallows 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 contgad by

balancing forces on each particle within thegktangian 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 Mode$ iused, 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 Takle Bhe time step
between simulation framegqthe conventional solid grinding tool and the
proposed hollow grinding todlis set to 1e5 seconds to maintain eourant
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
Pe=0 is designated at the nozzle exit. The computatidieahain features non

slip wall conditions, and the wdilm boundary conditions are defined for DPM
AO0SYINA2ad C2NJ GKS RNRLIX SO LI NIGAOEf Saz
utilized in the discrete phase, while the volume flow rate is maintained at 10
L/min, aligning with the experimental setup.
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(i) Results and dis@sions

The comparison of coolant velocity vectors from the front view reacgséveral

interesting and unique phenomena:

() In our design (Figure@a), most of the golant successfully passl through
the grinding tool body, with 48% of the coolant reaching the grinding zone. In
contrast, for the conventional solid grinding tool (Figuréld, most of the
coolant bouncd back, suggesting that our proposed tooldhaignificant

potential to reduce surgery temperature.
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(i) The conventional solid grinding tool genertaore fluid spatter compared
to the proposed hollow grinding tool, as indicated by the arrows showing
moderate velocity in Figure-@a and 36b. This suggest that the hollow
grinding tool offeed surgeons a clearer view during surgery than the

conventional solid tool.

(iii) The flow rate of the coolant increassignificantly after entering the hollow
grinding tool, which nghtbe attributed to the interaction between the coolant

and the small pillars inside the hollow grindiogl.

(iv) Upon exiting the hollow grinding tool, the coolant veloewgsreduced by
only 35% compared to its velocity at the inlet (Figw&c®. This indicatkthat
the proposed hollow tool providibetter 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 Figu@R For comparison,
models ofsolidgrinding tool with identical outer parameters were also created.
As shown in Figure-@d, the coolant in the hollow tool consistently reached the
grinding zone regardless of the jetting angle. In contrast, the conventional solid
tool only demonstrated linted fluid permeability at the 5°jetting angle. These
simulations confirm that the porous mesiptimized hollow grinding tool offers
superior coolant permeability compared to theonventional 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.

— Proposed hoIIow tool — Conventlonal solld tool

Front view: velocﬂy vector : '," Front view: velocn:y vecto .

20.93
17.94
14.95
11.96
8.97
5.98
2.99

0.00

Velocity
(m/s)

" Jet Direction 5

4
’ a .
Inlet . (@) Outlet
Distance 2

140' T T T T ? |— Jet Angle=>5 O

12 Particle residence
time (s)

4.0e-4

3.2e- 4

e

2.4e-4 |

1.6e-4

Velocity (m/s)

8.0e-5

9 © ' )

Figure3-6: 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 dimecty using

proposed tool; (d) permeability of the coolant at different jet angles (5° 30° 459).

3.4.2 Experimental investigations

(i) Experiment setup

To determine whether our proposed hollow tool exhibits superior coolant
permeability compared to conventional solid toolshe coolant flow

penetration validation experimenis conducted. The experimental setup, as
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illustrated in Figure F, closely resembles a standard mechanical grinding
system, incorporating XYZ motion elements, a spindle, a tool, coolant supply,
and a protection systenlhespecialized testing stagedesigned with a 2 mm
hole on the top surface, connected éochamber within the stage. A pH paper
(San Sis placed inside the chamber directly beneath the exit of the 2 mm hole
(Figure 37b). To preventoolantfrom entering the hole from the sides, no
clearancasallowed between the tool and the hole entrandéhe designetiole

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 aisito observe coolant behavior without any physical
contact, the grinding toa 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 visualizatiorg directed towards the
rotating tool. The grinding todk operated at 6,000 rpm, and the coolant (a
mixture of water, baking soda, and red paint in a 100:4:1 ragiejected from

the nozzle at a flow rate of 10 L/min.
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Figure3-7: (a) Global and (b) detailed images of the experiment setup for coolant fluid

permeability

(i) Results and discussion

Figure 38a presents the evaluation results of the coolant flow penetration
experiment. For the conventional tool, theolor of the pH paperremained
unchanged even after 20 seconds, indicating that no coolant reached the
grinding zongsee Figure-8d). This observatiomasconsistent with previous
findings from CFD simulations. In contrast, for the proposed tool, the pH paper
was immediately saturated with coolant and turned dark greghen the
coolant wassprayedtoward the rotating tool (Figure #8c). This result clearly
demonstratesthat a significant volume of coolant reachthe hole entrance
with sufficient speed and dynamic energy. These findings strauglportthe
conclusion that the hollow grinding tool exhibits significantly better

permeability compared to the solid tool.
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- Schematic diagram

a

{

(a) (b)

PH test paper
discoloration

(d)

Figure3-8: 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

diagramfor hollow grinding tool, and (d) conventional grinding tool.
op¢t KS Ay GAGNR F3a8aavysyd
3.5.1 Grinding temperature

An additional experiment was conducted to analyze and compare the
temperature increase betweethe conventional solid grinding tool and the
newly proposed hollow grinding toollhecustomized setupvassimilar to the

one shown in Figur8-7 butfeaturing a specially designed clamping stage
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real pork rib bone was clamped and securely fastened using screws and
plywood. A Ttype thermocouple (KRE0.082000-CZ, KRIPUSEN) was inserted
into a throughkhole 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 (KPS04AO0R,
KAIPUSEN) (ségure 39a). Both the solid and hollow tools were employed to
grind the bone under identical conditions, maintaining the same romspeed

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

As shown in Figure-3b, 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 was31.3% lower than that of the conventional tool, wite
highesttemperature of only 36.2°C. In contrast, the conventional tool reached
the highesttemperature of 52.1°Cwhich ould cause serious and irreversible
damage to bone cells (According to theldture, irreversible damage can occur

when the temperature at the grinding zone reach@s, 97).

T
= Conventional solid tool
- Proposed hollowed tool

48.5°C

- - 33.3°C
T-type j
thermocouple

Grinding period After grinding

10 Time (s) 20 30
(c)
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Figure3-9: temperature raise assessment; (a) experiment setugrdm 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 bonevas clamped and secured by screws and plywood. The
grinding tool and grindewere mounted on a linear module. The grinding tool
was fed along th&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 grindingtool and conventional solid grinding tool are both 3D printed

ceramics.

Nozzle chuck

Semi-circular ® 3
B sliding fixture Optical H
w

platform

Rotat
direction

Hollow
grinding Tool

e

. experimental platform

Figure3-10: (a) Global and (b) detailed images of the experiment setup for real bone grinding

In Figure 3l1a and 311b, 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 (FigdieB This

might be dueto 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 morphologief®8]. Additionally, it was observed that most of pores
within the trabecular structures were filled wittone debris (Figure d1c, d),

and no bone debris was detected on the t@oirfaceafter grinding (Figure -3
11i). This suggestlthat the debris generated during grinding were likely forced
into the trabecular pores, potentially leading to infections and osteosis in later
stagedq98]. In contrastthe bone gindedwith the proposed tool retained clear
trabecular structures (FigureBLh). Only few chipsvere observed in the pores
(Figure 311g), indicating that the debris eve 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 (Figuré.B), proving ourstatement
However, these debrisocld be easily removed through simple ultrasonic
cleaning, allowing the proposed tool to be reused multiple times with minimal

tool wear.
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Bone before grinding
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Bone after grinding
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Conventional tool after grinding bone Hollow tool after grinding bone
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After grinding ﬁ bone AEer uErasonllc aeam'ng

After grinding the bone

Figure3-11: 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 piotute
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.
0@¢ KS AMWa BSaaYSyl
3.6.1 Method

After confirmation of our tool ability in vitro assessmente proceeded to
conduct an in vivo assessment to further evaluate its performance under real
surgical conditions. This experimenas approved byhe 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 (nJ8)e 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 shaveddf 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 tla¢ skull at the same location for
each group. The skull temperature was recorded every second using an infrared
camera (FLIR @rPro),andthe highest temperaturevas takenuntil the tests

were finishedp C2f f 2gAy 3 GKS LINRPOSRAZNB> GKS |
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 wate
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 empldsed.
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 micgoope (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-32b), while aftergrinding the maximum temperature
reached 45.2°CFigure 312c). For the proposed tool, as the coolant can easily
reach the toolbone interface, the temperature only reached 35.¢Rigure 3
12d). This value wawell below the critical threshold for irreversible thermal
osteonecrosisThe above statement was further confirmed by checking the

brain tissue under the grinding regidRigure 312e shows healthy brain tissue
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from the control group with no grinding intervention. Figurd & depicts the
crosssectiored brain beneath the conventional tool's grinding sité
noticeable eosinophilic change (dark blue regimas observedn the cerebral
cortexaccompanied bynflammatory cell infiltration Moreover, a few edema
areaswere obviously visible in the deep pahh contrast, thecrosssectiored

brain from theproposed toolgroup did not show significamhange 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 tlkenventional tool group, the number

of cerebral cortical apoptotic cells (greerdZ2 NS a OSyduo Ay GKS
significantly increased due to grinding heat induced injury (Figie).
However, for the hollow tool group, the number of apoptotic cells (FiGta))

in the rat brain did not show noticeable increase and the status of the cells were
similar to the control group (§ure3-12h). All the above results indicaéhat,

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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Figure3-12: In vivo experiment designed to compare the efficiency between conventional
solid grinding tool and hollow grinding tool: (a) Schematic diagram of inaggsessment
process; Infrared thermogram in (b) control groug), donventional 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 grindingool group, and (j) hollow grinding tool group.
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Chapter 4Closedloop temperature controlgrinding
device

nPMy G NERdAzOGA2Y YR Y2UAQFGA2Y

As mentioned before, excessive heat generated during the bone grinding
process can leadtsevere consequenc@s craniosynostosisurgel [99]. The
current solution is to continuouslgupply coolants to mitigate temperature
spikes However, this approach is empirigale.surgeons are not onlynable to
determine the spraying location amgjectionrate, but also canot monitor and

precisely control the temperature in the surgical area.

In this chapterwe proposethe grinding tool(seeSectiord.2) with not only the
conformal cooling channels but alsche¢ closedloop temperature control
system. This concept allows not only precisely monitor but aégulate
temperature in craniosynostosissurgey. The tool isfabricated by usng
Slective Laser Melting (S)MSection4.3, Figure4-1b). The CFDmodel is
performed tosimulate coolant flow behavian the cooling channelg@-igure4-

1c). The temperature controlling performance is tested in Section 4.5 and the
temperature fluctuation resultsare obtained (Figure-4d). In section 4.6, the

grinding trials are pgormed on real bones (Figuree).
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Figure4-1: the methodology that we followed to design, fabricate and verify our proposed
closedloop grindingdevice (a) design grinding toaknd device (b) fabrication of designed
grinding tool €) simulation for the coolant flowehavior, (d) testing the temperature control

performance, ande) verification of the grinding tool performande vitro.
na¢ KS Oif 2ALIRI NA yEGAAWES RIS &1A yORD

4.2.1 Concept
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