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Development of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

ABSTRACT

Cervical Orthosisis a medical device for cervical treatment, posurgery recovery, and
immobilisation in emergency scenarids main function is to protect the cervical region to
prevent further damage, in emergency scenarios, amdnobilise or provide support for a
surgery recovery or treatment of a health condition. In every case, the cervical orthosis is a
structure that transfers the weight from the heaathaturalgravitational effortso the shoulders

or adjacent areaprotecting the cervical column.

There are two types of cervical collars, the Hard Cervical Collars, and the Soft Cervical Collars.
The HardCervical Collars are applied in situations of higher immobilisation as they present
better movement restriction (righfter surgery, oin emergency scenarios). The SG#rvical

Collars are usually used during treatment or recovery from surgery as an element of transition
between the higher suppgmovided by theHard Collars and the normal life of a patié¢fuil
recovey).

According to what was fournmh the State oArt, namely regarding problemsportedn several

articles wasverified a big margirfor improvement on these devicd$erewas also verified a
lack of technological improvements the emergency focused Cervical Collansd for that
reason, an Emergency Cervical Collar for Adults was developed.

This project was develeplin Polytechnic Institute of Coimbra, Portugal, in pecation with
Penza State University, in Russlacomprises a Mechanic&ctionwhere a structure was
designed from lgetch aiming to prevent diagnosed problems of the state ofaad an
Electronic Sectionwhere a Pressure Measuring System (for asgpsstening pressures) and
a Respiratory Rate Monitoring System were developedeshnological improvement.

The document describes the several steps for which the work passed through to accomplish the
prototype produced with Additive Manufacturing. ©to the high potential of immolsétion
achieved with the device, it was named Neck Protection Structure (NeProS).

Keywords Cervical Orthosis Emergency Cervical Collar Medical Devices; Additive
Manufacturing
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RESUMO

As Orteses Cervicais sagupamentos médicos para tratamento cervical, recuperacéo pos
cirurgia, e imobilizacdo em situacdes de emergéicgua principal funcdo € a de proteger a
regido cervical para @ar danos acrescidos, nos cenarios de gémeia, e para imobilizar ou
providenciar suporte na recuperacao de uma cirurgia tratamento de uma condicdo meédica.

Em todo o caso, as Orteses cervicais sdo uma estrutura que transfere o peso da cabeca e do
esforcos gravitacionagurante movimentopara os ombros ou areas adjaceptesegendo,

assim, a Coluna Cervical.

Os Colares Cervicais podemrslivididos em dois grupos, Colares Cervicais Rigidos e Colares
Cervicais Esponjoso0s primeiros sao normalmente aplicados em situagcdes em que €
necesaria uma maior imobilizacdo (ap0ds cirurgia, ou em cendrios de emergéncia médica), uma
vez que apresenta maior restricdo de movimerRos. outro lado, os Colares Cervicais
Esponjosos sao habitualmentdizados durante um tratamento, ou durante a recgferde
cirurgia, como um elemento de transicao entre o Colar Réga&dweida normal do paciente.

Atendendo ao que foineontrado a literatura nomeadamente em relacaocs gawoblemas
reportadospor diversos autoredpi identificada uma vasta margem para melhoria destes
equipamentosFoi também identificada uma falta de melhorias tecnoldgicas Qalares
Cervicais direcionados para a vertente de emergéncia mégligeor este motivo, foi
desenvolvido um Colar Cervicde Emergéncia para aplicacdo em adultos.

Este projeto foi desenvolvidoonlinstituto Politécnico de Coimbra, em Portugal, numa
cooperacao com a Universiddastatalde Penza, na RUssiasolucéo propostapresenta uma
vertente Mecanica onde uma estrufoialesenvolvida de ra, com o objetivo de evitar alguns
dos efeitos adversos identificados no estado de arte, e uma velg&di@caonde um Sistema
de Medicao de Presséo (para avaliar press6es no momento de aplicacédo,douwul&istema
de Montorizacéo da Respiracao, foram desenvolvidos como medheciaologica.

O presente documento descreve as diferentes etapas de desenvolvimento do projeto até ao
culminar de um prot6tipo produzido recorrendo a Fabrico Aditivo. Devido ao elevado potencial
de imobilizacdo observado, a estrutura foi batizada de Neck Protetrtiotu&(NeProS).

PalavrasChave: Ortese Cervical; Colar Cervical de Emergéncia Médidispositivos
Médicos; Fabrico Aditivo



Development

of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

Index
R [ a1 0o [8 [ox 1 o] o NPT TP P PP PPPPPP PPN 1
2. CIVICAI COlIAL ... .t e e e 3
2.171 Vertebral Column and SPIN@oB...........eeiiiiiiiiiiiiiiiie e 3
2.21 Trauma Mechanisms that Require Immobilisation with a Cervical Collat.......... 7
2.2.17 Spinal Cord INJUIY (SCI)...ccociiiiiiiiiiie ettt eeee e e e e e e 7
2.2.21 PACAIALIIC SClL...iiiiiiiiiiiiiiii it eeei et e e e e e e e smmee e 8
2.2.31 Traumatic Brain INJury (TBI)......ccoooeiiiiiiiiiieeeeeee e 8
2.2.47 BUINS ... e 8
23iTrauma Vi ct i.ml.s...,Ap.p.r.o.a.c.h....... 9
2.3.17 Spinal IMMODIlISAtION. ..o 13
2.3.21 Immobilisation TECNNIQUES........cciiiiiiiieiiiii e 13
2.3.31 Achieving he Neutral Position and Ideal Position for Immobilisation........ 15
2.471 State of Arti Cervical Collar DEVICES..........ccuuuviiiieiiieeeiie e amee e 16
2.4.17 Types of Cervical Collars and its Production Materials...............cccccoeeeue.e. 16
2.4.21 Patent. US 4,886,052 TA12/12/1989........cccuuuuurmniiiieiseeeeeiiiiiiiinnaaeaeeeeeeeeeaas 18
2.4.31 Patent. US 4,987,8911TA29/01/1991......cuiiiiiiiieeieeieieeieeeee e 18
2.4.471 Patent. US 5,060,6371A29/10/1991.......cuuumiiiiiiiiiiiiiiiieeeiieieeeee e e 19
2.4.51 Patent. US 5,083,553 TA28/01/1992.......ccouuiiiiiiiiiiiiiiiieeeeeeeeee e 20
2.4.67 Patent. WO 95/22304 AL24/08/1995.......couuiiiiiiiiiieiiiiiieeeeeeeeeeeee 20
2.4.77 Patent. US 5,688,229 TAL8/11/1997.....ccoeveeeieeiiieiee e et e e e e e 21
2.4.81 Patent. US 6,423,020 B123/07/2002......ccceiiieeeeeiiiiiiieeeeee e 22
2.4.97 Patent. US 2003/0055367 A120/03/2003.........ccceeiiieieeeiiiiiimmmeeeeeeeeeeeeeeennens 23
2.4.101 Patent. US 6,663,581 B116/12/2003........cccceeiiiiiiiiiiiimenn e 23
2.4.117 Patent. WO 2007/015912 A208/02/2007........cccccuvrrrriieieeeeineeeenrireneeeeeeens 24
2.4.127 Patent. WO 2008/057095 A115/05/2008...........c.ccuvvveviiiieeiiineniiiriieneeeeeeen 24
2.4.13i Patent. BR MUB800209 UR06/10/2009..........cccevviirieeiiiriimmmeeeeeeeeeinenennnnns 25
2.4.14i Patent. KR 20110038274 1A14/04/2011.......ccccoeiiieieeeeieeiieeme e 26
2.4.15i1 Patent. US 2012/0165712 A128/06/2012........c.coevvvveernnniiiiimeeeeennnnnnnnnns 26
2.4.31671 Patent. US 8,262,596 B211/09/2012........ccovvmiiiiiriiiiiiimmeeeeiiiiian s 26
2.4.171 Patent. US 2013/0310722 ATR1/11/2013......ccooeeeiiiiiiiiiiee e 27
2.4.18i Patent. US 2014/0012172 AI09/01/2014.......cooveeeiiiiiiiiiie e 28
2.4.191 Patent. EP 2783662 A101/10/2014......cccciiiiieeeeiiiieeeeeeee e 28



Politécnico de Coimbra | Instituto Superiortfegenharia de Coimbra

2.4.201 Patent. WO 2015/025319 A126/02/2015........ccccuvvviiiiiiieiiieeeeiiiviiineeeeeeee 29
2.4.27 Patent. US 2015/0190266 AI09/07/2015........cccvvvvrviiiiieieiieeneiiivvvvneeeeeeee 30
2.4.221 Patent. US 2016/0287424 AI06/10/2016.........coevvurrrernnniiiimmeeeeeenniinnnnns 30
2.4.23i Patent. US 2018/0028344 AI01/02/2018........coovveerrreiinniiiimmeeeeeeneennnnnns 31
2.4.24i1 Patent. US 10,327,941 B225/06/2019.......ccccceiiiiiiiiiiiiiiiieeee e, 32
2.4.251 Patent. CN 209808684 1U20/12/2019.........uuuumumimiiiieiiiiieesiieineeeieeeeeeaaaaens 32
2.57 Bad Effects of Cervical Collar Application to Emergency Patients.................. 33
2.67T DISCUSSIONL....eeiiiieiiiiitiiie e e e imee ettt e e et e ememt e e e e e e e e e e s s s enemre e e e e e e e annnes 35
3. NEPIroS DeVelOPMENT PrOCESS.........uuuuiiiiiiiiiiieeeriiiiieii ettt e e e e e e e e et e e e e e e e e e e e e e 37
3.17 Changing the Shapof the Cervical COlIar..............oeeeiiiiiiiiieeeiiiieeeeeee e 37
S.L1.1T MOAEI ONE.. .ttt eree et e e e e e e e e e e e e 38
3.1.2T MOAEI TWO ...t e e eeee e as 39
3.1.31 Model TRree....cooieeiiieee e eeee e O
3.1LAT MOEI FOU ...t eeee e 41
0 oY I 1Yo To L= I 1Y SRR 41
3.1.6T MOAEI SiX.coiiiiiiiieiei et 43
3.1.77 MOdel SEVEN.......cciit et A
3.1.81 FiNal MOAEL.......ccooiiiiiiiiiiii e A
3.27 Balloons DEVEIOPMENL.........uuuiiieie e eeer e e e e 52
3.31T Check Valve DeVelOpMENL...........ccooiiiiiiiiiieeee e 62
3.47T EIECIIONIC SYSIEMIS. ... uuiiiiiiiiiiiiiiiii ittt e e e e e e nen s 65
3.4.17 Pressure Measuring SYSIEM.......cccuuiiiiiiiiiiiiccceeeeeeeee e 65
3.4.21 The Respirtory Rate Monitoring SYStemM..........coooevviiiiiiiiiccceeeeen 4 6.7
3.4.31 The Printed Circuit Board (PCB)..........ccovvviiiiiiiiiemeeeeeeeeeeieee e 69
3.4.47T The INErfaCE ... 71
3.4.57 Using the INterface..........uciiiiiiii et 12
3.4.61 Integration of the PCB in the StruCture.............cccoevvvvvvieeee e 74
4. Materials, Estimated Cost, Time, and Type of Production..................vceceveevveeennnns 77
o R I I Y/ o =T o) = (o Yo [ Lox 1 o PP 77
42iNePr oSoé6 Materials, Time, ..and..Est..ngted
5. Tests and RESULLS..........oooii i 83
6. Conclusions and FUUre WQAIK............uuuiiiiiiiiiieeeiiiiieeiieeeeee e 39
6.17 MeChaniCal SECHQM........uuuiiiiiiiiiiii it 89

(



Development of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

6.21 EIECIIONIC SECHON. ....ciiiiiiiiiieeie et eeenenee 90
APPENTIX A et enena b r e e e e e e e as 99
APPENAIX B ..o e e e e eee e e e e e e e e e e e e e et et a————aaaaaaaeeeeeeaaaa———_ 103
Y 0] o 1= T [5G PP RPPPRRSP 105
APPENAIX Dot e e e e e amanr e e e aaaaaaaeaees 109
APPENAIX E .o er ettt e e e e e e e e e e e 113
APPENAIX Bt eere et e e e e e e e e e e e e e e e e e e e 117
APPENTIX Gttt e e r e e e e eas 119
Appendix Hi FINal ProtOtyPe........ooviiiiiiiiiii e e e e e e e e e e ae e 125

Vi



Politécnico de Coimbra | Instituto Superiortfegenharia de Coimbra

Figure Index

Vi

Figure 1i Cervical Spine Range Of MOtIQN...............uuiiiiiiiiceeerre e ereer 3
Figure 2i Vertebral Column Composition. L2 Vertebra (Left) Col umndé Re.pi ons
Figure 3i X-Ray of a Patient Suffering from ScOliOSIS..........cccoeiiiiiiiiiiieecicciiieee e, 5.
Figure 4i Injury Levels and their Most Common CONSEqUENCES............cceevvvvrvrmmmeeeennn. 6
Figure 5 Characterisation of Ventilation Evaluation................cccccoviiemeeevvveniniiinnneennn. 11
Figure 6i Characterisation of Pulse Evaluation.................coovvvieeeei e 11
Figure 71 Temperature Reference ValUes.........cccooeiiiiiiiicceeciciiiei e eeeeeeeeeeeeeveeee e 12
Figure8 Di f f er ent Approach Positions t.o..tlhe
Figure 91 Application of a 2 Pieces and 4 Support Points Cervical Callar.................. 14
Figure 10i Application of a 1 Piece and 4 Support Points Cervical Collar................... 15
Figure 11 Soft and Rigid Cervical COllaLS.............eiiiiiiiiiceecccce e eeeee 17
Figure 12 Cervical Collar Applied and Exhibited with Parts Sepatate....................... 18
Figure 13/ Cervical Collar Applied to a Patient and Exhibited Flat.............................. 19
Figure 14i Structure Profile and Collar Exhibited Flat.............ccoooiiiiiieeciiiii e 19
Figure 15 Cervical Collar Applied to a Patient and Packed Elat....................cccceee.... 20
Figure 16/ Cervical Collar Closed and in its Flat Conditian.................ccccceivcceveeninnnnnns 21
Figure 17 Cervical Cdlar Closed and in its Flat Condition..................ccviiiiccceveennnnnnnns 22
Figure 18 Detailed View of the Collar Features.................ouuuiiviiccceeeeeeeeeiieee e 23
Figure 197 Extended and Applied View of the Collar................cooovvviieee i 23
Figure 20i View of the Collar and its Adjustment Mechanism...............ccccovvvieeeeeee.. 24
Figure 217 Detailed View of the Adjustment Mechanism....................ccvvcmeeeveeeeiiinnn, 24
Figure 22 Detailed View of the Collar Application Technique..............ceceeeeivvieeeennnn.. 25
Figure 23/ Detailed View of the Collar Features.................ouvvviiiiccceeieeeeeeiiee e 25
Figure 24i Cervical Spine Guard SchematiCs............ccccoeiiiiiiiccciiccie e, 26
Figure 25 Views of the Front and Back PoOrtions..............ccccceiiiiiiieceiiiiiciciic e 26
Figure 26i Different Featuresfahe Cervical Collar..................ovviiiiiccceeiceee e, 27
Figure 27 Parts of the Present Embodiment............cccooooiiiiiiceeiiiiiiii e, 27
Figure 28 Different Views of the Cervical Collar..............ooovviviiiicccrieeeecee 28
Figure 29 Cervical Collar in its Possible Conditions...............coovvviviieeeeeeeeeeeeeeeii 28
Figure 30i Real Madel of the Embodiment Presented...............cooovviiiee e 29
Figure 31i Different Features of this Model..............ccoooiiiiicciii e 29
Figure 32 Views of the Cervical Collar...........ooiioiiiiiiiiii e e 30
Figure 33i Features of the Present Model..............cooiiiiiiieiie e, 31
Figure 34i Different Views of the Cervical Collar............cooiiiiiiiiiieeei e, 31
Figure 35 Different Views of the Cervical Collar............cooveiiiiiiiiiere e, 32
Figure 361 Schematics of the Inflabtde NeCk SUPPOIL..........ueeiiiiiiii e 32
Figure 371 Endotracheal Intubation and Direct LaryngoSCOpY........ccccvvvieeerrrieemeeennnnn. 33
Figure 38 Collar Support and Settle RegiONS............coiiiiiiiiiiiccciiie e 37
Figure 39 Different Perspectives of Model One............c.eiiiiiiiieeee i 38
Figure 40i Different Parts that Constitute the Model Qne............ccccoeveevieeeneiciiiieeee, 39

vii



Development of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

T[0T 5 N \Y [ To [ I IV o PP PP 39
Figure 421 Model TRI€e........ccciiiiiiiiiieeee e e e e emene e A0
Figure 431 Fourth Model Locking MechaniSms............cooouiiiiiiiiicce e 41
Figure 44i Isometric View of Version One and Two of the Fifth Madel....................... 42
Figure 45/ Main Back Portion of the Second Version with the Balloons.....................43
FIQUIE 461 IMOTEI SIX....iiiiiiieiiiieieiee et e e 43
Figure 471 MOdel SEVEN........ccoiiiiiiieiee ettt A
Figure 481 FiNal MOEI (CAD).....uuueiiiiiieiee e e e eeeanens e e e e e e e e e e e eeeeneneeee 45
Figure 497 Final Model (Real MOdEl)........ccooeeiiiiiiiieeeeee e 45
Figure 50i Cut Top View of the Back Portion and the Chin Attachment..................... 46
Figure 517 Closed and Extended Dimensions of the Assembly on the Sliding e nt s 0
F e 18110 0= o AP T PP PPPPPPPPPPPPN 46
Figure52i Locki ng Tooth Engaged Locking the
..................................................................................................................................... 47

Figure 53 Back and Front Portion Connection through the Sliding Element and the Shoulder

Sl

d

Figure54iDet ai |l ed Vi ew of the Shoul.der.. .Suf8portod

Figure 55/ Extension and Rotation Movement from the Left ShouMandible Element49

Figure 56/ Rotation Movement Locking Mech&m on the Shoulder Support.............. 49
Figure 571 Front View of the ShouldeMandible Element...............ccccooiiiieeninennen, 50
Figure 58/ Tooth Interference in the Locked and the Unlocked Position in the Real N0del
Figure 59- Mandible Support Position Adjustment..............ccccuviimmmniiniiieeeeeee 51
Figure 60i Angular Adjustment on the Mandible Support............oooeeiiieee e 51
Figure 617 Different Viewsof this Model Printed and Applied to a Healthy Volunteer.51
Figure 62 Example of a Pressurised Closed SySIEmL..........uuuviiiiiiiieeriiiiiiiiiieeieeeeeeenn 52
Figure 63- Top (a) and Front View (b) of the Main Back Portion with the Balloons.....53
Figure64 Fl exi bl e PVC t hat...Waul.dove..Been..BBsed
Figure 65 Behaviour of Thin and Thick GIOVES.............cooiiiiiiiiee e 54
Figure 661 First Printed Versions of the Balloons..............ccccooviimmmeiieicc e 55
Figure 67 Balloons Empty Inside (0% Infill) and with Internal Suppatrts.................... 55
Figure 68/ Balloons with Both Ends Hanging...............ooooiimmnn e 56
Figure 691 Printed Part with 5% Of DENSItY.........ccoiiiiiiiiie e 56
Figure 70i Layers Deposition According to Rectilinear Infill..............ccooviiiieee i 57
Figure 71i Behaviour of Half SpherS&haped Balloon Inflated with Pressurised.Air......57
Figure 721 Balloons with Rigid BaSE.............uuuuiiiiiiiiiieeeiiiiiiiiiiiieeeeee e 58
Figure 73 Test of the Balloons with Rigid BaSe.............ccooiiiimiiemmiieeeeiiieeeee e 58
Figure 74i Different Experiments of Balloons with Rigid Base.............cccccccovvieeennnnnen. 59
Figure 75 Heights Where the Profile Changes.............uuviiiiiiiieceiiiiiiiiiiiieieieeee e 60
Figure 761 Top and Bottom View of Trial 1 and.4...........cccooiiiiiiiieenee e 61
Figure77iBal | oons 6 Co.nt.o.ur. . Er.ame. ... 61
Figure 78/ PostProcessing and Test of the Balloons..............cccooviimmriiiiiie e 62
Figure 79 Check Valve Cut View and Associated CirCuit.............cccuvvvverimemnnnennnnnnne. 63
Figure 80i Mould and Procedure for Producing the Silicon Cover...........cccccceiveveeee 63

viii



Politécnico de Coimbra | Instituto Superiortfegenharia de Coimbra

Figure 811 Pressure Sensor GraphiC CUNVES............cevvvuvviiimmmreeieeeeeeiiiiinnss s smenneees 64

Figure 82 Watertightness Test of the Valve............ccoooviriiieeee e, 65

Figure 83/ Load Cell Ready for Connection with @ PCB..........ccoooooeiiiiiieeeiiii e 66

Figure 84i Strain Gauge applied...........coooeeeiiiiiiiieeee e 66

Figure 85 Diaphragm deformed due to applied preSSULe...........coovvvvvvvvviemmeeeeeeeeennnnnns 67

Figure 86 Non-ContactBased Methods for Measuring Respiratory Rate................... 68

Figure 87i ContactBased Techniques for Measuring Respiratory Rate..................... 68

Figure 88 Ne Pr 0 S 3 8D MOEAEB.........coooiiiiiee e 70

Figure 89 NePrc 6 s Code/ Pu.z.z.l.e..Samp.l.e.....eeee. 71

Figure 90i Example of how Sequence Compositions are Made...........cc.cccevvveeeeeeennnn. 71

Figure 917 Interface Design with MIT ApPpP INVENTOL..........uuviiiiieii e 12

Figure 92 Ne Pr o S6 App Starting Screen..(Af.L.&r Pre
Figure 93 Appo06s Sec.ond. .. .SCr.e.e N e, 73

Figure 94i N e Pr 0 S Q... R.C.B. oo anee s 74

Figure 95 Integration of the PCB on NePraS.............ccccooiiiiiiieeciieieee e eeee,s 75
Figure96i Posi ti on of the PCB in .Rel.at..on.w th t
Figure 97i VolumeCost per Part Graphic for Different Maaaturing Processes........... 78

Figure 98" Comparison Between Plastic Manufacturing Processes................vvvvueeee.. 79

Figure 997 FFF 3D Printing Basic Components and PRUSA 13 MK3S+..................... 80

Figure 100° Material Used, Printing Time and Estimated Weight for Producing the C&llar

Figure 10 Pr i ce Esti mati on f.o.r...Cal.l.ar...Rr.adBcti ol
Figure 1020 Beginning Of the TeSL.......oovviiiiiiiic e 83

Figure 103 Second and Third Stage of the TeSL............vviiiiiiicceece e 84

Figure 104 Volunteers Measurements for Future Reference............ccccoevvcvvveennnnnnnd 85

Figure 105 Movement Restriction Test RESUILS.............vvvviiiiiiiiceeecee e 85
Figurel061 Top View of the Assembly. Suggestion for Solving an Undesired Pressure Contact
010 OO 86

Figure 1071 Bottom View of the Bak Part on the Mentioned Regian................c.......... 87



Development of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

Abbreviations

2D
3D
ABCDE
ABS
App
ASTM
CAD
CHAMU

CNC
CODU

CsSIC
FFF
FDM
ICP
INEM
MIT
PSU
PCB
PVC
PLA
SCI
STL
TBI
PETG
NeProS

Two-Dimensional

ThreeDimensional

Airway; Breathing; Circulation; Disability; Exposure
Acrylonitrile Butadiene Styrene

Application

American Society for Testing and Materials
ComputerAided Design

Circunstancias do acident&ccident Circumstanceslistorial de Doencas e/ou
Gravidez/ Diseaseand Pregnancy HistoryAlergias/ Allergies; Medicacéo
Habitual/ Usual MedicationUltima Refeicad Last Meal;

Computer Numerical Control

Centros de OrientacdoedDoentes Urgentes (Guiding Centres for Urgent
Patients)

Cervical Spine Immobilisatio@ollar(s)
Fused Filament Fabrication

Fused DepositioModelling
Intracranial Pressure

Instituto Nacional de EBergéncia Médica
Massachusetts Instituté dechnology
Penza State University

Printed Circuit Board

Polyvinyl Chloride

Polylactic Acid

Spinal Cord Injury

Standard Triangle Language
Traumatic Brain Injury

Polyethylene Terephthalate Glycol

Neck Protection Structure



Development of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

1. Introduction

The Cervical Orthosis, commonly known as Cervical Collar, is a devicecdomplete
immobilisation of a patient with suspected injury to the cervical column and to the spinal cord
thathasbeenconsidered a signal of good practice in the rg@ecy scenarisince itbegan to

be appliedworldwide on the mid1960s.The restriction of movement offed increasethe
stabilisatiorof the patientn situations wheréheadditional movement of the cervical spine can
cause irreversible damage the spinal cordbeside the initialinjury caused by a trauma
accident

In recentyearsnumerous articleke the ones from Carrisaet al. (2015) Stoneet al. (2010)

and Damiani (2017have describednd proven that the constammobilisationwith this kind

of device shouldndét be a must as it present
worseaiing their vital parametersSince the protocolemainand this orthosis is still in usis
evolutionand improvemerdre essentidb reduce bad effects and to find better and more recent
compatible technologies and solutsoBy also understanding the procedure since the approach

to the victim, its immobilisationand transport to the assigned medical facility creates the
opportunity br solving necessities during that period and implemgnt on the cervical
orthosisturning the device versatile.

The market offers different kinds of solutethat solve individuaknown problems from the
literature But t her e opsontBatsolvasseyeraprebiemsn just ore device.

This project aims to understand the function of the vertebral column, in sécife cervical

region interpret its needs fommobilisationwhenin an emergencyrize theharmful effects
detected on the state of ,aahd work with it to find a possible structure that can be considered
an improvementin this type of devicesThe project also intends to implement a pressure
monitoring system and a respiratory moniitg system that asssthe paramediéwork when
applying the cervical collar by controlling the pressure of fastening and saving them time when
evaluatingor re-evaluatingthe patiendh s ¢ o.nTHd respiratary monitoring system also
alers the paramedicwhen the conditionvorsens and life is compromisealue and based on

the airway.

The developed device present in this work, designed Neck Protection St{iN#BreS) was
developed in cooperatiowith Polytechnic Institute of Coimbra (Bool of Engineering
ISEC), in Portugal, and Penza Stdtaversity (PSU) in Russia.

The 3D modelling and production of the mechanical systeneimplemented in thépplied
BiomechanicsLaboratory of ISEC Concerning the production method ataking into
consideration that a prototype will suffer several changes during its dexahband testing
process, 3D printing is the most reasonable solufitwe. costs associated with this kind of
processare low whercompaedto the remainingnes.This is a very versatile method due to
the possibility of producindpighly complex featureselatively quickly The technology used
for printing was fused filament fabricatioa layer deposition method.
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As for the electroic components, implementation of sensors, app creation and interface design
process, this took place at Penza State University, in the framework of an ICM Erasmus
Mobility.

Thedocuments presented i chapterghatareorganisedaccording tdhe engineering design
procesadopted irthis project The first chapter anits subchaptersollect information through
the literature present thestate of theart concerningcervical collar devices the needsand
constraints of this kindf device andarealsoidentifiedimmobilisationmethods The following
chapters and subchaptedssplay the 3D modellinfrom the first to the final model (printed
version) the production of the concept and the implementation of the electirasia®l as the
time and costs associateath the production methodh use After the productionof the first
fully assembled prototypea chaptemwith first trials is presened During this chapterare
identified the major needs of it, required improvements and correctionsa amgort
concerning parametdérevaluation and further suggestiorsfilled by the volunteerand the
immobilisation performer The document is finished witlsuggestedfuture works and
conclusions.All the 3D modelling process are supported with appengbs for a better
understanding of each modeécause thexposure of all the detailed features in the main
document would result in extensive text.
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2. Cervical Collar

The main purpose of applying a cervical collar is a compheteobilisationof the head and

neck to reduce possible movements (rotation, flexion, lateral flexion, and exteRgjomne1)

and keep a perfect alignment of the body at the neutral position according to the axis nose, belly
button and feet. This type of structureesf head suppohty transmitting any effort from the

neck to the shoulders or adjacent areas.

flexion
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Extension Flexion Left o Right flexion
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Figure 17 Cervical Spine Range of Motion Adapted fromCarrison et al.(2015

The prehospital/emergency cervical collar is usually applied to trauma viclitme&ms to
restrid, as much as possiblie additional movement of the cervical spine since this can result
in severe and irreversible damagmart fromthe initial injury caused by the trauma accident.

Once theneckis attached to thbody, a cervical collar only securés not fully restricing or
fully preveningthep a t i fertharn@osement. Even if the cervical spiweuld becompletely
immobilised with the help of external devicasiovement underneath it would cause the patient
to moveand asaconsequencdhe cervical spineSo, it is impossible tinmobilisethecervical
spinewithout a completemmobilisationof the patient.

To ensure a complete understanding of cervical collars, this chapter presents information
considered relevant in themtext of the work carried out. So, firstly a revision concerning the
vertebral column and spinal cord is presentelfiowed by the trauma mechanisms on it that
requiretheapplication ofa cervical collarfor immobilisation Afterwards the trauma victira 6
approach is also described. Finally, an extended revision concernteg\toal collar systems

that can be found in the markas also in the open literatyis presented and discussed.

2.17 Vertebral Column and Spinal Cord

The Vertebral Columnral Spinal Cord are part of the skeletal system. Even though the skeleton

is associated with bones and death, the skeletal system is a live and dynamic tissue capable of
selthealing after injuries, growth, and adaptation to different applied pressusesomposed

of conjunctive tissues like ligaments, cartilages, and tendons.

The VertebralColumn is & extendeccomposition with 33 irregular bond€26 in adult life)
designatedertebra, andlocated on the medium line of the posterior part of the body. The top
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part of the vertebrads Dbrbedyttonapatt of each aditulates wi
with the following vertebra having in between the intervertebral disc (a qudpuwicleus

mainly composed by water and proteoglycans involved by a ring of collagen fibres) allowing
the column to be senfiiexible, and in combination with its natural curvature, to craatgbust
structure. The intervertebral disc actuates like a hydraulic sydigtributing the weight from

one vertebra to anothgreventing its collision/friction and allowing movemefdones, 2020)

The Vertebral Column is divided tm 4 regions.Following the direction heafket those
regions are the following:

1 Cervical Regiori 7 vertebras, matching the neck region

1 Thoracic or Dorsal Regioin12 vertebras, matching the dorsum

1 Lumbar Regioni 5 vertebras, matching the lumbar

1 Sacrococcygeal Regidn5 vertebras, matching ttsacrum, and 4 vertebras, matching
the coccyxThese two groups separately merge friewbornto adult life, forming the
two major groupssacrumand coccyxX.

The different regions described above can be observed in Figlrigat.

Also, in Figure2i Left, is presented the general shape and constitution of a vertebra. There, it
is possible to see the bodythat as mentioned articulates with the bodies on the vertebras
positioned before and after; the vertebral arc and-hiblt when iragroup with theemaining
vertebras will compose the spinal canal (where the spinal cord will pass); and the apophysis
which function is also the articulation (with the remaining vertebras or with other bones).
Regardless of these common characteristics, each vertedwenfs its own identity and is
distinguishable from the others due to its proper position and function particulddtess,

2020)

Following the direction head to feet, a progressive increadeivolume of each vertebiia
observed, directly increasingthe strength of the structure. Concerning its curvature
(anteroposterior directioron the left inFigure 2 - Right) there are twdypes: primary or
posterior(present on a newborn), and anterior or compensatory (acquired when the child begins
its development like holding their head and standing up). The primary curvatures are located
on the thoracic and sacral region, and the congienscurvatures, on the cervical and lumbar
ones.(Kisner & Colby, 2005)
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Figure 271 Vertebral Column Composition. L2 Vertebra (Left). Adapted fromvValeneet al., 2012(b):17
Col umn 6 (Right).iAdaptsd fromValente et al., 201(B):17
Therear e al so three | ater al curvatures that
becaus¢hey aranuch less prasunced These may vary much more frgrarson to person and
when present in a high level of deviatios clinically called scoliosis(Figure 3) (Kisner &
Colby, 2005)

The curvature is balanced anterior and posteri@hd every déation on one region is
compensated on the othdthis flexibility and balance on the spinal colurare essential to
support gravityand external forces effec{¥Kisner & Colby, 2005)

Figure 37 X-Ray of a Patient Suffering from Scoliosis Adapted fromGaillard, n.d.

Besides the bones, compositions of muscles and ligaments are edsemtikeep the
biomechanical functions of the Vertebral Column.

This bone structure has a crucial rote the static and dynamic of the motor functions
participatingin the entire body locomotion, head, thorax, abdomen, shoulders, and superior
members supparaind offe connection to the inferior members. Its inved\structure allows

the protection of the spinal coashdevery vertebral nervihat passes through it
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In the caseof this projectthe focus is on the cervical region, and it igaortant to havehe
consciousesghat when affected above cervical vertebra number threei{@33lmost certain

death for the patien(SpinalCord.conTeam, 2020)

Figure 4shows the different injury levels on the cervical spine and toermoneffects on the

patientso |

separated ito two groups, Higher Cervical Injuries and Lower Cervical Injuries. Higher

f e

or

mobility. There are

ei gfr

CervicalInjuries are the most severe and most of the time result in death. Nevertheless, the

survivors are most likely to need-Béur care for the rest of their life and mayt be able to

breatle without assistance. For tih@werCervicallnjuries, they can cause full paralysis of all

members but in this casiie survivors may be able to breathe on their ore spinal cord

injury is identified by the vertebra that involves ©n the table is mentioned a C8 level of

damage

t hat

vertebral column between C7 and [®pinalCord.conTeam, 2020)

C1 Are the most severe but also t
rarest of the injuries and can le
to full paralysis. Most often

C2  HiGH leads to death

CERVICAL

C3 NERVES When not fatal, complete

damage of the nerves on this
level usuallyleadsto full

C4 paralysis or quadriplegia

Paralysis on torso, legs, wrist:

5 and hands

Paralysis on legs, torso and/c
hands, inability to contraterves
C6 that control wrist extension an
inability to control bladder anc
LOW bowel function

CERVICAL

Some ability to extend
NERVES

shoulders, arms, and fingers k
the strength to move the last t
may be compromised

C7

Leads to paralysis of the legs
trunk, andhands but the
shoulder and arm movement
kept

C8

Figure 471 Injury Levels andtheir Most Common ConsequencesAdapted fromCleland, 2005

doesnot match a vertebra but i s
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The spinal cord itself is a column of nerve tissue that connects the base of the skull and the
lumbar region of the cervical column. It is part of the central nervous system and is responsible
for the transmission of nerve signals from and to the brawsd transmissions concern mainly

the movements, motor coordination, reflexes, and sensorial fundiafay, 2020)

The care with the cerwal column injury is justified by the importance of preventing a
secondary neurological injury pesauma (injury to the spinal cord and subsequent death of
neurological cellsy hat may interrupt the Afl owo of <co
body.

2.2 Trauma Mechanisms that Require Immobilisation with a Cervical Collar

Awareness of the different types of traumas is important to reduce response times of the
emergency teams, the effectiveness of the
improve treatment atabilisation For this reason, knowing and understagdhe mechanisms

of the injury and principal procedures fbeirtreatmentcreates possibilities fonmprovement

of the involved equipment.

The Nadional Institute of Medical Emergency (INEM) is the most important Portuguese
organisatiorto assistaccelnt vi cti ms (on the road, workée
have a variety of equipment and a large fleet of ground and aerial vehicles promoting quality
pre-hospital assistance. Between the mission, vision and values of this institution, the deep
knowledge of the medical emergency area, credibility and efficiency are its highlights. The
institutiond expertise gave source to a wide literatungith free accesysedforper sonal 6
training and to instruct the society.

In the presentsection it is approachedthe injury mechanisms that have as procedure the
immobilisationwith a cervical collar during the piteospital assistanggechniques on how they
are applied anthereported problems of this equipmérg r evi e ws

2.2.17 Spinal Cord Injury (SCI)

The SCl is, irmost parta result of car accidents. According to Valegttal (2012a), the main
agerangeaffected by this kind of injury is young adults.

Any damageon the cervical column, which protects the spinal cord, can interrupt the
communication between the brain and the rest of the body. This interruption can cause trouble
to breatle or even cause respiratory artemtdloss of motor or sensorial function below the
damaged ared&Valenteet al,, 2012A, p.29

So, the vict i nsihee crac@lpoin ta prévenbf@urednuees or worsening of
the existents being very important to prevent its movement and keep a perfect alignment of the
spine. Norcompleteimmobilisationor a wrongly executed one caraedepartial damage to
become adll one (Valenteet al, 2012, p.29
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In terms of actuation on this kind of trauma, the Portuguese protocol follows the ABCDE
doctrine, beginning with the primary evaluation. The team must always think and act in
accordance witht. After this, the protocol describes the necessity of ensdrihnge v i ct i n
stabilisation column alignment, anshmobilisationof the cervical spineheingthe cervical

collar applicationmentioned. Later, it describes a sequence of actidnaeik 1) until the
patientds tr ans paenteetal, 2002, p.®) t he hospital

2.2.2 1 Paediatric SCI

The anatomical differences between adults and children allow the second ones to absorb more
energy and so redatrauma risk. Nevertheless, the protocol procedure is like the one used on
SCI, and the use of the cervical collar asimmobilisation method remains. There are,
however, some principles to kedige the ones preseiti Annex2. (Valenteet al,, 2012, p.46

2.2.31 Traumatic Brain Injury (TBI)

The TBI is one of the most important trauma mechanisms for mortality or morbidity, especially
on the opposite sides of the age range (<5 and >70 years), and young adedtsy€Hss)
(Valenteet al, 201&, p.29

As the nameannounces, TBI stands for Brain injuries and despite some neurdirgy get
irreversibly damaged, the others may partially assume their functions. On the other hand, as the
neurons are not replaceable and the darathe system is permanent, the injuries aainly
disabling (Valenteet al, 2012, p.29%

The most common problenteveloped when in a TBI are cerebral oedema and intracranial
bleeding.(Valenteet al, 2012A, p.25

The protocoktateghat if the victim has suspicious TBI, it should be approached like an SCI
victim, which means that should bemmobilised with a cervical collafValenteet al,, 2012,

p.27), but there are exceptions. When there is a deviation on the trachea, the traction of the neck
(alignment of the neck on the neutral position) is not recommermledtsh er e 1 snot
application.

According toGante(2017)ar ound 15 % wodSCltasseciatéddBl 6 s h a

2.2.47 Burns

Burns are injuries in the skin or adjacent tissues and can be caused by a variety of events. Being
the skin the exposed element to the burners it is usually the most severely damaged. Besides
that, the remaining organs and systems can also be damagexdfoangly altered, leading,
someti mes, t o ((Vdlemteeval,201,np&3 In sbmeadades, the burns are
consequences of explosions or accidents with deceleration or projectitms ltype of
accidentit is common to result in SCI or TBI injuries) it is mandatoryotimmobilisewith a

cervical collar.
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Regarding the protocol, the victimbdbs first
essential to identify the agent that is causing the burn and to move it away oglterthegtive,

move the victim away from.itf{Annex 3) Ensuing safety conditionsthe next steps arthe

Primary Evaluation followed by headhmobilisationin a neutral position. On the next
protocol 6s step, It I S gi v annsonsepatientsanhy needt e n
ventilatory support. The remaining protocol can be consulted on Adn@xalenteet al,

2012, pp.7475)

23T Trauma Victimdébs Approach

The victimdéds approach is one of the most i
Tobeef fi cient, the team must establish an ap|
gener al evaluation of the victimds physice

observation. In trauma situations, only 20% of questioning and local obearignecessary
(to know the victimds history and wunder st an
nonrtrauma emergencies, these percentages turn(®adenteet al, 2012b, p.49)

As per Valenteet al (2012h p49), the process stages toharacterisée he vi ct i moés &
are:

1. Preparation Begiming on the call reception at CODW Centros de Orientagdo de
Doentes UrgentéSuiding Centres for Urgent Patiefts

Local and Safety Evaluation

Primary Evaluation

Secondary Evaluation

Victimbébs Transportation (To the most ad:
and performing -dvaluatgn) ent vi cti mdés r e

AN

This preparation starts when CODU receives an emergency call. According to the number of
victims and severity of the injury, CODU activates the necessary means. Sometimes, the
victimdéds relative information concerning it
disease or trauma incident) can be the opposite of the initially communicated, so the emergency
team must be prepared for any scenario because many of the emergency calls d¢ made
general citizens without any formation in the medical giéalenteet al, 2012b, p.49)

Thesecond stag®f the protocol has particular importance becaagetyis related to all the
partieson the scene (victims, emergency team and thirds that might be on the local). It is
important to understand if the scenario does not require any special needs from special teams
or law forces, as well as check the presence of flammable elements orretrubat may
collapse. Concerning thecal evaluation its characteristics are of extreme importance for
accident interpretation. Understanding the local helps presuppose the irkinkmetic which

all ows suspecting ar ourjuies.9Valénteat &l, 201Rbep.50)v er a | |

Once enswedthe safety of the operation, the team can proceedtlth i ct i més. eval u
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On thePrimary Evaluation, it is important not to worsenthew t i més condi ti o
identify the critically injuredonesfor prioritised assistance. As soon as the teams arrive at the
location,it is possible to get some information concerning the loss of blood (exsanguination)
and if the victim is consciousjoving, and communicable. In the case of exsanguination, there

IS a prevalence for immediate control of the bleeding. On the other hand, if the victim is
conscious and communicable the condition can worsen so she might be evaluated anyway. The
next step iso follow the ABCDE doctrine, an abbreviation that stands for the different elements
that need to be evaluated. They are writtemormal performance ordgiValenteet al., 2012b,

p.51)

A. Airway (Airway clearance and cervical spine analysis)

B. Breathing (Ventilation and/or oxygenation)

C. Circulation (Ensure blood circulation with all bleeds controlled)
D. Disability (Motor function evaluation)

E. Expose/Environment (Temperature Control)

Anyoft hese parameters that may constitute a
stabilisedbefore starting the next step of the evaluation. This sequence is merely indicative and
there can be a simultaneous evaluation of the parameters. The estimatied the evaluation

goes from 60 to 90 seconds, but when performing medical procedures this time might be longer.
(Valenteet al, 2012b, p.51)

After the pri mary estallisatioathareasnth&acondlarytElatiatipnat i e n
This stage consists of vital signs evaluation, collection of information and detailed observation
of the victimbds body. Th esqgisteretdVithin evarydo msutesiu s t
the patients should be-evaluatedin case of being a critical victinor every 15 minutegor

a noncritical one.(Valenteet al, 2012b, p.71)

The vital sgns that are evaluated and monitored are:

Ventilatior

Pulse

Arterial Pressure

Temperaturg

Oximetry (only when necessary)
1 Pain (through numeric scale)

= 4 4 4 4

Ventilation is a mechanical function that allows input or outpfitair on/from the lungs,
renewing life essential gases. The mechanism that allows air circulatharecterisg by

thoracic movements, which constitutes the ventilatory cycle where inhale (aitcetfigylungs)
and exhale (air exit from the lungs) are the stadgaptista, 2008p.33

The parameters that should be evaluatedhtaracterisghe ventilation and some refen
values/results are shovim Figure5.

Heart contraction results in a blood wave that flows on the arteries resultinguilsealt is
measured through palpation of any artery (usually carotid or radial artery). The parameters that

10
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characteris¢he pulse are equal to those wttwracteriseentilation and are showin Figure
6. (Baptista, 2008p.39

Parameter Evaluation

Frequency 12-20/min

(Number of ventilatory

: (Adult reference values)
cycles/min)

Normal

Amplitude

Superficial
(How thorax expands)

Ventilation

Regular

(Regular times between
ventilatory cycles)

Rhythm

(Time regularity between
ventilatory cycles) Irregular

(Different times between
ventilatory cycles)

Figure 51 Characterisation of Ventilation Evaluation

Parameter Evaluation

Frequency 60-100 beat/min

(Heartbeat/min) (Adult reference value)

Bounding
: (Strong pulse)
Amplitude
(Pulse feeling while
Pulse pressing an artery)

Weak
(Weak pulse)

Rhythmic

(Equal time intervals)

Rhythm

(Time Regularity between
Heartbeats) Arrhythmic

(Different time intervals)

Figure 61 Characterisation of PulseEvaluation

11
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Arterial Pressurei s t he pressure that the bl ood exer:t
values on its measurement. Those values are relatdgb toardiac cycle and athe main
indicators of cardiac function and blood debit. The maximum value is the systolic pressure and
the minimum one is the diastolic pressure. To proceed with its measurement, specific equipment
such as a sphygmomanometer atethoscopé necessaryBaptista, 2008p.39

ForTemperatureeval uati on, the initial method is by
temperature with thenedicalstaff, trying to understand ithe skin is hotter, colder or at the

same temperature. When colder, it might be hypothermia, when hotter, it might be fever or
hyperthermia(Figure 7)This method is subjective, and the evaluation must be repeated with a
thermometer(Baptista, 2008p.37)

NORMAL HYPOTHERMIA HYPERTHERMIA
ADULT 355°Cto 37.5°C <355°C >37.5°C

Figure 71 Temperature ReferenceValues

Concerning the information thamust be obtainedrom the patient, this procedure is only
performed when the victim is conscious and with a sense of reality to give information about
the principal complaintéin evaluation), and to answer some protocolary questions. CHAMU

is the Portuguese acronyfor those questiongValenteet al, 2012b, pr1)

- Circunstéancias do acidentadcident circumstances);

- Historial de doencas e/ou gravid&@igease and/or pregnancy histony
- Alergias(Allergies);

- Medicacao habitugUsual medication);

- Ultima refeicag(Last Meal).

When the victim isnbét conscious or consciou
through family, witnesses or others that might know relevant informafitadente et al,
2012b, p.7)

The Secondary evaluationrends with a segmented observation of the body through palpation,
auscultation and impacting (when possible) by the sequence body and neck, thorax, abdomen,
basinand perineum, superior and inferior members and, to finislk, doat posterior surfaces.
(Valenteet al, 2012b, p.71)

The algorithm for the secondary Evaluation can be consuit@dnex5.

In the last, a hospital facility @ssigneby t he CODU ftransportatio® oryvin ct i m
particular cases, aerial support is activated, or the team walits for other actions that CODU thinks
to be the best option fanspboetaiicommdsher e
and the conscious are monitored, and any significant changes must be immediately
communicated to CODWValenteet al, 2012b, p.76)

12
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2.3.17 Spinal Immobilisation

The prehospital spinal immobilisation was implemented in the-a860s due to the damage
risk that an unstable vertebral column presents to the spinal cord and the neurological condition
after a trauma(Purviset al,, 2017)

Despite the low evidence and research inhgpitalcare about the benefits ioimobilisation

at the timethe fear of worsening a spinal injury, the fear of missing a spinal injury by not taking
any attitude on the piieospital scenario (like spinahmobilisatior), and the fear for any sue,
were some of the reasons why this method was acceptedtaned ¢ be implemented
worldwide during decadeéCarrisonet al, 2015)

However, in the most recent yegtse method and its benefits have bgaastionedAccording

to Purviset al (2017) that in his article reviewed about 36 documents relatitige subject of
pre-hospital spinalimmobilisation the reliable evidence evaluateeportedthat there are
Anumerous side effects, wrecertt meetmgs plefired sew b e
guidelines to minimise the potential complications associated with the metiradlilisation

with cervical collar andpinal boaryl

Also, authors likeBenger & Blackhanm{2009 andCarrisonet al (2015 describe the several

side effects from the application of the cervical collarthe case of the first enhe even
suggestst h a t ial er t-pperaite arauma patentsl do et require mandatory

i mmobilisation of the cervical spineod and t
be more appropriate.

Even knowing that there are a lot of side effects duextmssive application of spinal
immobilisationand cervical collars, its use remains on the protocols meaning that, since its use
cannot be replaced, the priority is to minimise its negative effects and try to reduce its
consequences.

2.3.2717 Immobilisation Techniques

As fortechngues there are techquesof extraction andechniqus ofimmobilisationof trauma
victims with vertebral column injury suspicion.

Forimmobilisation the decision of which kind déchniqueshould be applied will depend on
thesupposed injuries usually related to the incident mechanism. Therelgchineque using
acervical collar andpinal boardwill depend on the situations presentedChapter3.2 and
summarisedhere (Valenteet al, 2012, p.15

Closed Trauma, any injury that threatens
Loss of mobility or sensibility after the accident

Neck or vertebral columdeformity;

Change in consciousness after the accident

Situations that the mechanism suggedtgh transfer of kinetic energy

= =4 =4 4 =

The application of the cervical collar presupposes that the head nstathii$ations ensured.

13



Politécnico de Coimbra | Instituto Superior de Engenharia de Coimbra

The manual headtabilisatonc onsi st s of keeping the patien
line nosebelly button (neutral position) until the victim is completetymobilised. (Figure 8)

On the other hand, this procedure canot al
collar usage. The paramedic shourfunediatelystop the movement of the head and neck to

the neutral position every time that a neuksclespasm is verified, there is an increase in pain,

the neurological conditions worsen, and once the ventilatory amgets compromised.
(Valenteet al, 2012, pp.1516)

Lateral approach with ~ Posterior approach with  Anterior approach with Approach with the victim
victim seated in a vehicl¢ victim seated in a vehicle  victim standingup in dorsal decubitus

Figure 81 Different Approach Positionsto theVictimdé s Man u a | H e a Adaged domValemtes at i on
et al (2012c, p.1516)

When the first stage afnmobilisationis verified, the cervical collar is then applied.

According to Valenteet al (2012¢ p.19), and according to the available models of cervical
collarson the Portuguese pheospital scenario, the instructions demand the collaborative action
of two paramedicg¢or medical emergency statind the guidance through the manufaceur s 6
instructions for a correct device application.

One of the paramedics initially ensures the masitaddilisationn aneutral position leaving the
cervical region with free space to ease the second paramedic operation. The second element
shouldthen proceed with the choice of collar sizg measuring the distance between the
mandi bl ed angl eofthepatientahdecompare ikwithbtEpprepriatelysized

collar. The collars that havkeightadjustment mechanisms incorporated skip $tep.After

this stept he manufacturersdé instructions shoul d
manualstabilisationshould keep it until the cervical collar is properly appligdigures 9 and

10) (Valenteet al, 2012, p.19

Figure 97 Application of a 2 Pieces and 4 Support Point€ervical Collar. Adapted fromINEM (2019)

14
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~ Collar application in
two stages
(anterior - pict. below
and posterior)

Final step- Hight
Adjustment pushing the
structure against the

Figure 107 Application of a 1 Piece and 4 Support Point€ervical Collar. Adapted fromINEM (2019)

During both processeall the abrupt, uncoordinated, and unnecessary movements should be
avoided since they might worsen or provoke neurologic deficit.

Usually, the application of the cervical collar is followeddiyansition to aspinal boardor
transportation (in the case of the patient not being already @ptha& boardl In the case of
expected travel exceeg) 60 minutesthe vacuum stretcher should be used in combination with
thespinal board(Valenteet al, 2012, p.6) In all cases, when the patieninsmobilised in a
spinal boardtheir removal and transfer émother element should be done as soon as possible
due to the bad effects known and caused by long periods of usage.

2.3.371 Achieving the Neutral Position and Ideal Position for Immobilisation

The neutral position was defined Bghrigeret al. (1991)as t he f@Anor mal anat
head and torso that one assumes when standi
on the Manual Hea@tabilisationpresentedn figures9 and 10, the neutral positionir{ that

case, the alignment tlienosebelybut t on) i s achi eved, but t he
the movement ta neutral position on the anteriposterior plane.

Taking irto consideration the normal curvatures of the vertebral colanththe anterier
posterior plan¢here is needed an occipital offset to ensure the correct alignment and protection
of the cervical spine. BotBchrigeret al. (1991)andBenger & Blackhan{2009)determined

and verified hat the prenospital spinaimmobilisation(cervical collar angpinal boarjiwould

place the patients in relative cervical extension.

So, to achieve the neutral position on this pl&arigeret al (1991)on his research assessed
the occipital offset required to achieve the neutral position. For that, one hundred healthy
volunteers with no history of back disease wamnobilised and its head position was levelled
by adding padding below. The method used faoking the neutral position was merely visual
as it is the one used the prehospital environmentutas t hi s met hod i snot
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this amount of padding/occipital offset was not considdresieadthe research performed by

De Lorenzoet al (1996)was considered because the method used was radiologic (magnetic
resonance imaging), a more reliable and accurate method. On the other hand, the group of study
was almost 20% of the one evaluatedSmjrigeret al (1991)(19 healthy volunteers). In this
method, instead of padding the head for increasing the occigigithvarious degrees of

flexion and extensiowerea ppl i ed t o t he pattheequivalestt@rtm.ad i n

The results fronDe Lorenzoet al (1996)support a recommendation fonmobilisationin a
position of neck flexion with the occipital raised around 2 cm. The resultsSabmgeret al
(1991)recommended occipital padding in the range of 0.%ccgh and an average increase of
3.8 cm.

For effects of this proje@nddue to the more rigorous research and experiment veoji¢k
Lorenzoet al (1996) the acceptedeight increasdor the occipital is 2 cm.

2.47 State of Art T Cervical Collar Devices

The date of art will be focused on the different categories of cervical sa@tarthe existent
open literature. The search for patents was performed dme twebsite

worldwide.espacenetcom ncl uding the terms ficervic-al <co
hospital cervical <coll aro, femergency cervi
coll ar with sensor s o0efashld0 patantsevereapgnedsamdaviewedr 1 ¢
The selection for this state of art i ncl uc

observation, being chosen, during the first sorting, the ones that presented relations with trauma
immobilisation and pe-hospital scenario. The second and final sorting defined the most
relevant documents aiseélecedthe widest variety of cervical collar structures #melrlocking

and fasteningmechanisms. Some patents were also chosen because they represent the
develgpment of cervical collars present on the market (like Necklite and Lubo).

2.4.17 Types of Cervical Collars and its Production Materials

The cervical orthosis, also known as cervical collar, is a medical device used for treatment
postsurgeryrecovery andimmobilisationin emergency scenarios. It is a device well known
for immobilisation since the 1960s and $faindergonechanges and improvements that
nowadays carcategoriseit as Soft Collars or Hard Collars. (Figure 11) As for proper
designation, therthosisshould have in its designation the part of the body it is supporting (for
example cervicothoraci c(Cavicdlha)si s, cervi cal

The most common shape of tbervical collar is an encircling band supporting the chin and
settling on the chest, on the frontal portion, and supporting the occipital region while settling
on the shoulder and back, on the back portion.
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Concerning its type, th8oft CervicalCollars are a transition devidés purpose igo gradually

help the patiento support itsheal. It is considered a transition device because its application
takes ace between the immobilisation with a Hard Collar (applied due to injury, or after a
surgery) and the full recovery of a patiefss. for Hard Qllars, they are used ftinetreatment

of spinal conditions such as spondylogfiestsurgery,and for emergencpurposes in which

the restriction of movement is highly need€dmparing both typeshe Hard Collars present
highermovementestriction than th&oft ones.(Hawkinsonet al, 2019)The main difference
between these two types of orthosethesr production material. In the case Sift Collars, it

is common to see the use of foams (ex: polyurethane), on the other haddrd&@ervical
Collars, the materials used are more in the range of hard plastics (ex: ethylene) but also
integraing soft elements for comfoetnd contact with the skin

-1~
=

Soft Cervical Collar Rigid Cervical Collar
Adapted fromBodymedicsn.d. Adapted fromEclipse n.d.

Figure 117 Soft and Rigid Cervical Collars

The materials usein t he <col |l arsé production have ct
evolution changing from materials like leather, heplastic,or meta) to lighter and cheaper
materials.

The need for this change came from problems verified on medical proceduresssheh a
incompatibility of metatomponentsvith x-rays due to storage and handling performanas
heavy and bulky devices are often diffidialt such activities, and obviously due to production
cost. On the other hand, these collars provide a reasonably sucaess@lilisationof the
pat i e ng SudnhcumtEe@amenaterials can be founoh devicesdaing back tothe first
developed and publishgrhtents naméy from Smithet al (1957)andMonfardini (1962) for
example.

As a result of those needs, the use of stiff lighter weight plastic materials for structure in
combination with closedell foams became a common praciicehe cervical collars industry.

These collars can be bent and encircleghet i ent 6 s neck providing
Some examples of theseodernrmat er i al s6 application cmlmn be

thefollowing state of arsubchapters
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2.4.27 Patent. US 4,886,052 AT 12/12/1989

Calabrese(1989) presents an invention of an emergency cervical collaps@lprincipal
characteristics are its production materials and its unusual fastening strap that goes around the
patient s f or kimethatthe déviteanbettar tfithaondrreliablymmobilise a
patient on | and or water without having to
alignment. This is ach(igured2) due to the coll

The collar is a twepiece deice presenting two t$haped components (front and rear) that
thanks to their end portions present an adjustable overlapping relation allowing to fit several
neck diametes (in combinationwith its preformed soft material) and salignment. This

structue prevents the flexion and hyperextensio
and reduction of lateral movementsandrotatton st r ap around t he pat.i ¢
and adjusted. That strap is connected to the rear part of the colla

Concerning its material s, the cervical col |
which is nontoxic, waterresistant and buoyant in watésr examplea closeecell polymeric
plastic material such as polyethylene or po

of a rigid polymer such as polyethylene. On the chin support, a materidlbkeskire is
adhesively applied and for fastening materials, \¢eisithe one used.

FIG. 1 6 _—Z (%"

Immobilisation with the cervical collar Anterior and Posterior Parts of the Col

Figure 1271 Cervical Collar Applied and Exhibited with Parts Separate. Adapted fromCalabresg1989

2.4.371 Patent. US 4,987,891 Ai 29/01/1991

The invention presents a disposable cervical collar with low production cost. According to the
author, this design achieves higher stability to the head and neck and prevents some of the
disadvantages known on the collars used at the (Fgure 13)

The materials used in its construction are a foam plastic matradl constitutes most of the
collar, a solid plastic sheet on the front part of the cotlaerlying most of that region and
partially reaching the wing portions providing additional strengtid some materials not
described for the fastening mechanisms.

Its shape is like the common shape of cervical collmsgncircling band with the common
supportregionsApar ticul arity of this cervical col |
circumferential adjustment on the patient, around the neck) that are bigger thacamserahg

the ears to prevent rotation and lateral flexion movement, increasing stability.
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Immobilisation with the Cervical Coll: View of the Cervical CollaDpened

Figure 1371 Cervical Collar Applied to a Patient and Exhibited Flat. Adapted fromGaylord & Dean(1991)

2.4.47 Patent. US 5,060,637 Ai 29/10/1991

Schmidet al (1991) present an inexpensive otime use cervical collar. According to the
author, the reuse afcollar hasassociated risks like dirtiness or contamination duringse
possibility of salvagng a structureor not considering all the risks associatedpresens the
biggest motivatiorior this invention.

Following the concept the collar is formed bg onepieceencirclingband adapted to be used
around the patientsd neck and providitng th
(Figure 14)

The materials used wecerrugatedlasticfor the encirclingbandg | so known as #fc
which is formed frompolypropylere and presents atructure construction similar to a
conventional corrugatechrdboardand a flexible plastic material (natetermined) creating a
flexible strap for fastening. Besislthese materials, the author also mergibiat the collar can

be prodeed with corrugatedardboard, however, preferably, with polypropylene. As a result

of these materials, the collar is compatible witkrays and similar imaging procedures.

The principal characteristic of this collar is the way it is constructed. Thecphaaterial is

corrugated, and its internal structure pres
relation by transverse webs which effectively define unidirectionally extending cells or
compartment so, a st r uc tomaoreengsonahtortugated cardboardh e ¢

It is also important to notice that when producing the models, the internal cells should be
oriented vertically to allow strength on the structure. This kind of structure salk@ight
reductionon the collar and sdé use of materials and its production cost.

4
5

e = 4
0 I%]f CJC L

]|\

3

Structure Profile View of the Encircling Band

Figure 1471 Structure Profile and Collar Exhibited Flat. Adapted fromSchmid et al(1991)
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24571 Patent. US 5,083,553 A'i 28/01/1992

The cervical collar is presented as a two portions device (anterior and posterior) and has
attached, or not, as in an alternative embodiment presented, a chin support member. The parts
can be moved between them, which allow for the collar to be storedtalatan a relatively

small space, being this aspect one of the main objectives of this invention as the storage on
emergency vehicles lew. The cervical collars that can be stored flat but that areibuihe

long piecq(instead of two as in thisrsicture)is considered by the author to be relatively long,
making storing difficult(Figure 15)

Concerning the materials used for the cdllgroduction are used hook and loop material
(Velcro), stiff, flexible plastic sheet for the chin suppard for the anterior and posterior
portion (for strength)On the contact with the patiesbft closeecell plastic is used. As for the
material of the pin, anything was referited

The stiff and flexible material used on the chin support in combination vétpitts and their
mate on the guiding slots, allow for this part to be moulded to form the chin support shape and
alsobe stored flat.

Front and Back view of the collar applicatio Cervical CollarPackedHat

Figure 157 Cervical Collar Applied to a Patient and PackedFlat. Adapted fromStevenson & Brogt1992)

2.4.61 Patent. WO 95/22304 A1i 24/08/1995

The patent number W®522304A1 from 1995 is related to an adjustable cervical collar.
(Figure 16)

The process of adjustment usually seen on other devices consists of adjusting the chin support
in height In this patent, thisgype of height adjustmens an #ernative embodiment. The
principal version is the one in which the adjustment is made through a movable sternum and
shoulder portion meaning that the collar should be fitted first against the chin and only then
adjusted against treernum and shoulderEhe inventors used for this adjustment and to lock

its position, a cooperative system of ratchet teeth and pawls having also gu@sest of

reverse ratchet teeth and pavweother important characteristic to be noticed in this adjustment
system is th parallel movement possible to achieve while adjusting, preventing bad
applications.
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The shape of this collar is similar to the conventional @nesented on the colldrsategories

(typical support regiongnd is produced as a epece encircling bath As for the material, a

sti ff pl astic sheet (Ahi gh density polyeth
pl ast i c wasadedortheancicclng band structyrendforp at i ent s 6sofs ki n
plastic pads were used. To creadb@sion between these componeihis, suggested adhesive

or snap fasteners.
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FIG 10

FrontSide View for better looking of th

. . Cervical collar in its flatondition
adjustment mechanism

Figure 1671 Cervical Collar Closed and in itsFlat Condition. Adapted fromMartin (1995)

2.4.77 Patent. US 5,688,229 AT 18/11/1997

The cervical collar displayed had the purpose of changing the common concept of having a
variety of cervical collar sizes in the emergency scenario, because of thiedtnstaken when
looking for the right size and also duettee amount of space that those groups usually take
inside an emergency vehicle. This change of concept was suggestadimntarsal size collar
possible to fit every patient by adjusting it in circumference and a height adjustisueint this
particula case,s performedon the chin level being capable of accommodating several neck
lengths.(Figure 17)

In terms of material, a flexible plastic shisllusedfor the outer structureslosedcell foaming
for the contact material with the patient, metaplastic for rivets, and hook and loop material
for fastening. The specific materials used were not mentioned.

In this patent, the height adjustment of the chin portion is made with two parts connected to the
chin. Thosetwo parts present a smooth inner edand a sawtooth pattern which allow
engaging or disengaging on the slot where both are ins@figdre 17)

This model presents a typical cervical collar shape and is budt asepiece elongated
encircling band
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FrontSide View forbetter looking of the
adjustment mechanism

Cervical collar in its flatondition

Figure 1771 Cervical Collar Closed and in itsFlat Condition. Adapted fromBauer(1997)

2.4.871 Patent. US 6,423,020 B1 i 23/07/2002

Like Bauer (1997) Koledin (2002) preserg an adjustable cervical collar with a height
adjust ment system on the chin region. The i
off the patient and be properly applied to the neck under emergency @meygency
condi t i on s @theaekistence af infmitely adjustable positions betwibershortest

and | ongest range of the collarés neck si ze
extension for the occipital region which can be elevated or lowered in three mxsiieng

locked, and connected to the principal band, respectively with a pin and two rivets inserted in
slots The assembly of the occipital extension through rieetshe slidingslots allows the
movemenfor adjustmenbf this portion and prevesits escape(Figure 18)

The collar is generally stored in its flat condition thanks to the chin support that can be detached
from the height adjustment mechanism, allowirtg be put in a flat condition too. To support

the chin of the patient, that connectimust be restablished and rotated 180 degrees to a
horizontal position.

The adjustment mechanism, similar to the one useBlaoier(1997) is telescopi¢toathed on

the outer regionfdhe inside part and on the inner region of the outside part, locking the position
through the interaction between those teeth. The lock oseaéthe position is made through

an arm button that compresses or not those dathéd parts. On the otheand, whileBauer
(1997)usedtwo telescopic adjustments on each side of the chin support, in thi®chsene

is usedin the middle.- In comparison, this patent has a better charfcetability and
immobilisationas on the other there might be a misalignment on the mutual adjustment.

The collar is a ongiece build and its structure is made of a flexible material like polyethylene
(used also in other pajtshook and loopmaterialon both ends to secure the collar in its
operative positiomandfor the outer element of the height adjustmesttangeplastic material
(nylon) was usedFigure 18)
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Figure 1871 Detailed View of theCollar Features.Adapted fromKoledin (2002)

2.4.91 Patent. US 2003/0055367 A1 i 20/03/2003
This patent relates to a universal fit cerVioallar with several adjustmentgigure 19)

The collar is constitutedf six parts, two main side pieces and four straps for each point of
support (chin, chest, occipital and back). The side pieces are the ones where the straps are
connectedEvery str@ can on each sidebe adjusted angularly and in terms of length which
makesthe collar applable to every person. As the supports are straps, the range of visibility
of the patientds neck is much higher,the han
structure seems rather fragded might take too long to be completely applied to a patient.

Cervical collar applied Cervical collar extended view

Figure 191 Extended andApplied View of the Collar. Adapted fromDominguez2003)

2.4.1071 Patent. US 6,663,581 B1 1 16/12/2003

The patentrelates to an adjustable cervical collar on the chin region, similar to the ones
presented oKoledin (2002 and Bauer(1997)patens.

This collar is produced as a epice device and the biggest differerfoem the patents
mentioned is thdeight adjustabléocking mechanism. The locking mectism consists of
sliding a clip between protrusions located on the face of the encircling band, which prevent
relative movement between the chin support and the main structure. This is a dual locking
mechanisn(two clips should be moved symmetricallwhich means that both clips must be
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slid between the protrusions fmmobilisethe patient safely and totally. Also, on the face of
the encircling band antkext tothe protrusions are presented the predefined positions where the
clip can be slid to. This chaeteristic reduces the number of positions possible to be locked,
having only what can be considered intermediate positions (short, regukdl), affecting the
amount of correct sized applications. To increase the friction between the chin supploet and
main structure a solution with interference between teeth pattashused(Figure 20)

Detailed view of the height adjustment mechar View of the Collar Open

Figure 2071 View of the Collar and its Adjustment M echanism.Adapted fromS. Calabres¢2003)

2.4.1171 Patent. WO 2007/015912 A2 i 08/02/2007

The patent number WQ007015912A2 from 2007 is related to a mechanism for height
adjustment of the chin support. It provides a rack and pinion mechanism allowing for
symmetrical adjustment with a single motion. Blesithe geared mechanism, the invention also
provides independent means for adjusting the chin support ang(fagiyre 21)
IIIL':L |.; --.;1“‘ : i H:- I“f_._:.i I::
‘. * I‘a,. — W .

Figure 2171 Detailed View of the Adjustment M echanism.Adapted fromCalco etal. (2007)

2.4.127 Patent. WO 2008/057095 A1 i 15/05/2008

Patron, M., introducea cervical collar consisting of a group of support pieces with a unique
fastening mean. The cervical collar is composed of spinal and neck support with two fastening
straps connecting them in such a way that crossed tension &weceseatedjghteningthem
against the patient. It also presents a provision (bridge connection) for controlling the location
where the straps crggsreventing excessive pressure on the neck. It is also a feature of this
device the existence of a mechanism (in certain embod&neecurring to tabs and protrusion

or locking teeth, which allow height adjustment on the chin supfFogure 22)
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An advantage of this device is the number and independence of all the adjustments because
they allow not just to secure amdmobilise paients which can align their head in the neutral
position but also the ones who present complaints and pain when aligning thenspimeose

neck position cannot be movedlso, the cross tension created by the straps is considered by
the author to creata substantially tighter and more firm fitting from the collar resulting in
betterimmobilisation

Figure 2271 Detailed View of the Collar Application Technique Adapted fromPatron(2008)

2.4.1371 Patent. BR MU8800209 U2 i 06/10/2009

This patent claims to present a cervical collar that is possible to pradosecost and a simple
building process. About this method, the author refers to this device as disposable. Concerning
its shape, it is built in one piece and has a typical cervical collar shape. It is made in a flat shape
and when applied, the support pisi need to be befike Origami. The materials used were
ethylenevinyl acetate (EVA) as a soft material for touching with the patient, Velcro, and
cardboard to give strength to the structure. Its production can be a handmade (Ffapess.

23)

The autlor believed that the improvements described could result in an economically viable
product, both in production as material acquisition, free of biological risks for patients and
paramedics, and ecological due to the reduced anodpetroleum derivawe materials used.

Direction of the bends neede  Contours of the bending regions Cervical Collar ready for applicatic

Figure 231 Detailed View of the Collar Features.Adapted fromDe Souzg2009)
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2.4.141 Patent. KR 20110038274 A7 14/04/2011

This Korean patent describes a cervical spine guard with two monitoring sensors, a heartbeat
monitoring sensor, and a respiratory monitoring sensodbasthe doppler effect and which

data can be consulted on an external device. As for the structure of the collar, the author refers
to it as a Ahard covegkigorezd) i ght |l yo covering

Figure 2471 Cervical SpineGuard Schematis. Adapted from patent numbeee et al(2011)

2.4.157 Patent. US 2012/0165712 A1 28/06/2012

A cervical collar which the principal characteristic is its type of construction builtynofst
semtrigid foam instead of rigid plastic, allowing the collar to better conftorthe patient
according to the portion thickness. That thickness also allows the cervical collar to be more
flexible. For reinforcement small plastic component is prasé the structurgFigure 25)

This is a collar built in two pieces, presenting a circumferential adjustment through hook and
loop (Velcro) andh height adjustment on both portiorgepending on the embodimeeferred
toin the patent(Figure 25)

Front view of the collar  Front portion appliec  Back Portion applied

Figure 2571 Views of the Front and Back Portions Adapted fromS.Calabresg2012)

2.4.161 Patent. US 8,262,596 B2 1 11/09/2012

This is the first patent of a family and describes the concept thatesdedwith the
development of a structure and mechanism. The main purpose of this invention is a cervical
collar that allows nofinvasive airway management.
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It is an objective of this invention the creation of a cervical collar that ensures simultaneous
neckprotection, restricting any movement from the head relative to the bodgrenening
suffocation by keeping an open airwiaythe lest invasive way possible. The drawsghow

a structure attached to the pladaispottsiractutee a d
attached to themandible (Jaw)allows its movement ensuring namvasive airway
management. The movement that the structure
Thrust Manoeuvrea noninvasive technique for airway manageréFigure 26)
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Figure 261 Different Features d the Cervical Collar. Adapted fromGefen et al(2012)

2.4.177 Patent. US 2013/0310722 A17 21/11/2013

The patent comprises a cervical collar that can accommodate anatomical changes such as
swelling increasand decrease, and that allows chin height adjustrffégtire 27)

Concerning its construction, it is made of two parts, anterior and posterior, and the structure is
a combination of flexible and compliant edges with ventilation slots for reducing huspadity

and giving a better opening viewor circumferential adjustmeriook and loop material was
used.(Figure 27)

Full view of the Collar Back Portion

Figure 271 Parts of the Present Embodiment.Adapted fromThorsteinsdottir & Ingimundarso(2013)
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2.4.181 Patent. US 2014/0012172 A1 09/01/2014

Cervical collar with a practical vertical adjustment and a practical anterior and posterior
connection system. The anterior goabkteriorportions areconnected through a round spring
element and the circumferential adjustment is made by pulling two straps that pass the side
connector elements (which engage on the round spring elements). The vertical adjustment is
made by pressing spring button on the front of the col{apringbuttonthatfixesthe position

of the upper part of the anterior porfjpohanging to the desired angular positiand then
releasing the button to fix ifFigure 28)

The patent is the representationtloé cervical collar known as Eclipse Cervical Collar from
VQORTHOCARE.

Top-SideView of the collar Bottom-SideView of the collar Real model

Figure 281 Different Views of the Cervical Collar. Adapted from\W. A. Calca2014)andEclipse(n.d.)

2.4.1971 Patent. EP 2783662 A1 71 01/10/2014

This patentis related to the cervical collar known on the market as NECKLITEs a
lightweight and foldable cervical collar whichakesit compact for storage and to carry, for
example, by rescue teams. This is the simpler, lighter, and practical collar fotivelsaarch.

The collar is built as a ongiece and the estimatedkight is around 100g. The material used is
aluminium foil on the inside (or its alloys) and expandable material on the outside of the collar.
The overall thickness of the device is betweesmd 8mm and can be stored flat, folded, or
rolled.

The structure presents the typical support points (chin, chest, occipital and back) and to better
fit different shaped patients the chin support has a variety of fins. As for circumferential
adjustmenttiis made through hook and loop materigigures 29 and 30

.......................

Cervical collar in flat condition Packed irFolded condition Packed irRolled conditior

Figure 2971 Cervical Collar in its PossibleConditions. Adapted fromLimontini (2014)

28



Development of a Novel Pre-hospital Cervical Collar with a Pressure Measuring System

>
Front and Back View of theollar in flat condition Packed in Rolled Condition

Figure 307 Real Model of the Embodiment Presented.Adapted fromNECKLITE.COM(n.d)

2.4.2071 Patent. WO 2015/025319 A1 26/02/2015

The invention is referent to the cervical collar available on the mardtnown as LUBO.
This patent is the last version (more recent) patent familynitiated bytheone published by
Gefenet al (2012) (present in this document on the subchapter 2.49%)it is related to a
cervical collar that allows neimvasive airway management.

As mentionedy Gefenet al (2012)the purpose is to provide a completenobilisationof the

head about the body keeping an open airway through Jaw Thrust Manoeuvre by pushing the
mandible forward. The mechanism for Jaw Thrust Manoeuvre is integrated on the collar and is
angularly and longudinally adjustable. It has two shaped elements that fit the back of the
mandibleand can be pushed or not to the front executing the Manoeuvre.

The collar is builbs aonepieceandagd o e s n 6 t h a vpesanigia bettes apgnma r t
on the font of the neclallowingac | ear vi ew of.(Figlree3l)pati ent 6s n

Application of the Cervical Collar
Side View of the Collar Adapted from

Detailed view of the Jaw Thrust

ManoeuvreMechanism ;
https://www.inovytec.com/lubo/

Figure 3171 Different Features d this Model. Adapted fromKantor (2015)
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2.4.211 Patent. US 2015/0190266 A1 i 09/07/2015

The project present on this patent relates to an adjustable and inflatable cervicgFogllees.
32)

As for the adjustable characteristic, the method presented for locking the position is similar to
the one presentdry S. Calabres€003) There is a sliding chin support onto the main structure

of the collar where there astots (instead of protrusions as on the other patent) that receive
securingelips locking the relative movement between the main structure and the chin support.
The main difference between these two patents is the presence of an inflatable pockét that wil
give extra support and stability to the posterior part of the patient. The pocket extends up to 270
degrees around the neck leaving around 90 degrees on the frontal region to allow tracheostomy
and other emergency procedures needed. It can be fillechvg#ts or liquid such as air, gel,
foam, water, or other substance in an approximate quantity of 500 ml. This gas or liquid should
be inserted through an inlet for a syringe on the collar and can be removed or reduced from the
same inlet.

Front Viewof the Collar Appliec Cervical Collar Open View

Figure 3271 Views of theCervical Collar. Adapted fromHollern (2015)

2.4.2271 Patent. US 2016/0287424 A1 06/10/2016

The patent developed by Websttral (2016 presents an adjustment mechanism that can be
applied on different cervical collar models as long as they present a chin support platform
adjustable irheight andproceeding with the proper changes to integrate the system. In this
particular case, the dgsi was implemented on the Miami J collar (designation of one of the
most used collars on the market).

The mechanism for adjustment consists of a cable engaged on the different front parts of the
collar, usually the shoulder support (which is a regionhef main structure) and the chin
support that is usually connected with pins to the main structure allowing adjustment
movements of this part, by turning a central wheel where the cable is rolled or unrolled, causing
the cable to be shortened or lengthesed so increasing or decreasing the chin support height.
(Figure 33)
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Miami J collar applied Cable adjustment Mechanism

Figure 331 Features of thePresentM odel. Adapted fromWebster et al(2016)

2.4.2371 Patent. US 2018/0028344 A1 01/02/2018

Kim (2018) presents a cervical collar in which certain parts are supposed to be removed,
recycled, and replaced. Instead of products like the ones on patents BRMU8800209U2,
US4987891A, and US5060637A in which thibole cervical collar is disposable and just for
onetime usein this caseonly one part of the collar is recycled (for example the one in contact
with the patierd shin andmandiblg being possible to reuse the main part of the structure. The
need for replacing parts from the collar came from the fattttte patients are exposed to a
Avery wunsanitary environment because it is
being reused only due to the cost of each device which turns unthinkable to replace them on
every application. The collar is compdsef an inner and outeshell,andboth are connected

with Velcro. The part replaced is the inner shell because this is the portion that is in contact
with the patmangible CGoscermng thé shape the collar is a-preee device

and presents the typical shape and support rediiggire 34)

21 21 2
: 21 4
: | =
a 10 ’ \
3 152+ . 10a 10a b B _ I &
1 --.- { Z.- .m;i. 3‘.11 - e 21 . . 21
s2v Ry K 4a 13 e aop
LN X N . T : ;
14 - : 2 :
o LR N !
1 % d 1 i 32
: - 3
32a
3 11 13 B 2013
Cervical collar assembled Exploded View of the Cervical Collar

Figure 341 Different Views of the Cervical Collar. Adapted fronKim (2018)
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2.4.241 Patent. US 10,327,941 B2 i 25/06/2019

This invention byTorlei et al (2019)relates to a collar wdseprincipal characteristgareits

different areas of support (usuallyexi s chi n support which does
According to the inventorts featuresreconsidered to solve some problems verified on prior

art.

The collar isatwo-pieces composition, an anterior and a posterior portion. The anterior portion
allows vertical/height adjustment through a telescopic construction asd sit t he pat i
forehead and chest. In relation to the posterior portion, it can be storaddlatas designed in

such a way that when the activation arthe part that encircet he si de of t he |
and connects to the anterior portion) are pulled, it automatically gets the shape of the back and
occipital region, fitting every patienthe circumferential adjustment is made through a hook

and loop fastening mean (Velcro) placed on the activation &Figsire 35)

Mouldable Back Portion Front Portion  Cervical Collar Fully Assemble

Figure 3571 Different Views of the Cervical Collar. Adapted fromTorlei et al.(2019)

2.4.257 Patent. CN 209808684 U i 20/12/2019

The Chinese patent mentioned reftwsan intelligent inflatable neck support wde main
characteristic is the application of sensors for nowimg different aspects of the user. The neck
support is inflatable and has an integrated air pump electronically contidtiedensors used
arethe heartbeat monitoring sensor, blood pressure monitoring sensor, respiratory monitoring
sensor, blood oxyan saturation monitoring sensor, internal pressure sensor and carotid blood
flow sensor(Figure 36)

The main purpose of this invention is to relieve spondylosis pain and to reduce fatigue.

Figure 3617 Schematis of the Inflatable Neck Support.Adapted fromXiao et al.(2019)
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2.57 Bad Effects of Cervical Collar Application to Emergency Patients

Airway Management, Endotracheal Intubation and/or Direct Laryngoscopy- Since the
ccrvical col | arimmsobils@aipatienpand itps@arsequipment thatocontacts the
skin directly, there are some structural points from the staregavecal collars that, besides

not allowing the patient to move, mayakesome medical proceiresdifficult.

For standard collarg is common to have a mandible/chin support that affects the effectiveness
of Direct Laryngoscopy and/or Endotracheal intubation by reducing the mouth opening of the

patient (Ladnyet al, 2018)

In the case of Endotracheal intubatioig(Fe 3), it is the medical procedure of introducing a

tube through the mouth or nose unt.i

the tr

breathing support. In emergees the most common is the placement of the tube through the
mouthfor which reason the mouth opening reduction consists of an obgBatke & Zieve,

2020)

Direct LaryngoscopyRigure J) is like endotracheal intubation, but its purpose is to get a view

of the larynx. It is a common procedure wharsurgeryis performed in that region
resuscitation, or general anaesthesia. Sometimes laryngoscopy is performed before the
endotracheal intuddion to allow a clear view of the larynx and trachea to check if there

shoul dnot be any problems with the

(Petersoret al, 2021)

— Y J Breathing airflow \\

< Slip joint
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Endotracleal Intubation Direct Laryngoscopy

Adapted fromislamet al (2020 Adapted fromWatanabeet al (2017)

Figure 371 Endotracheal Intubation and Direct Laryngoscopy.

Trachea

Esophagus

- Endotracheal intubation tube

nsert.

Both procedures need mouth opening and even a properly applied cervical collar restricts
around 25% of that openingLadny et al, 2018)(Carrisonet al, 2015) An interincisor
distance higher than 20mm is a requirenamit is the typical dimension of the laryngoscope

used in the intubation proce¢&outcher & Lochhead, 2005)
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The effectiveness of the endotracheal intubation will also depend on the experience of the
procedure executofDamiani, 2017)

Restricted Ventilation - According toTotten & Sugarmar§1999) the immobilisationof a

patient with a cervical collar and a hapinal boarccauses a decrease in thoracic expansion
and so, a restriction of around 15% of respiratory capability. In a more recent paper, the same
restriction was mentioned but not quantifi@@ante, 2017)

Associated Pain and discomfortThere is evidence that cervical collars exacerbate pain, cause
discomfort and in some caseslaustrophobic effect. One of the support points that standard
cervical collars contact is in the region of the mastoid process. This region has a small thickness
of tissue which can cause pain and tissue damage when excessive orgurplasgure is
appliedto it. (Yakubtsevichet al, 2018)(Carrisonet al, 2015)

Pressure Sores Another downside of the standagdrvical collars is that the intesse and
continuous contact of hard portions with the skin, may lead to pressure sores which increase
the possibility of secondary infectiari®amiani, 2017)Sparkeet al, 2013)(Carrisonet al,

2015)

Bad sizing selection/ Bad applicaton For st andard cervi cal col |
fitti ng ostabilisationad the patiertt gets compromised when it islpapplied. It is

known that inadequate application, poor choice of sizing, or collars applied by untrained
personnel are common(Damiani, 2017)Yakubtsevichet al, 2018)(Benger & Blackham,

2009)

Even when collars are properly chosen, one of the most common problemsagethe
tightening of the collar which, besides compromising the evaluation of life parameters, can
change the consciousness of the patient, and even worsen its colfilibbbset al, 2002)
(Benger & Blackham, 2009)

Increase of Intracranial Pressure (ICP)- Another issue relatkto the standard cervical collars

is the obstruction of venous outflow that it causes on the (Bakniani, 2017)'he mechanism

for the obstruction remains unclear but there are suspicions for the collar to have external
pressuren the jugular veins (tourniquet effect) that increases the(Eiéneet al, 2010)The
increaseof ICP can leado cerebral oedemancreasethe volume of bruises, neurologic
deterioration, and paiiDamiani, D., 2017fMobbset al, 2002)

When the collar is applied in patients suffering from TBI, itfteease ofCP can place them
in a life-threatening situation.

Worsening of Patient Condition in Severe Cases In a question ofudgementwhether
cervical collars should or not be applied in certain conditions, accordi@grtisonet al.
(2015) the application of Cervical Collars in high spine injuries are not recommended as in
these cases the high spinal cord gets stretched worsening the patient condition.
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Time of Application (Non-Technical)T Time is one of the most importanttars when in an
emergency scenario so, as fast paramedicgwaobiliseand transport the patient, the better
(Gante, 2017%ervical collars usually delay the transfer of the patient to the hospital as they
take time to be applied. Sohe faster the cervical collar application is, the greater its
effectiveness.

False Sense of Security (Nemechnical) i Once the cervical collarare usually applied in
combination with othermmobilisationdevices, the theoretical fulnmobilisationgives the
paramedics a false sense of security which sometimes makes them take some faster and
vigorous movements that may endanger the pat€atrisonet al, 2015)

2.61 Discussion

Considering everything exposed in the previous subchapters 2.1 tarititeable thahere
iIs a margin for improvement on the aithe cervical cdard o e ;:@ed to be justrother
equipmen, it can also conciliate other features that are-redaited to the immobilisation
techniqueT h athedemson why it ismportart to understand nainly thecervical column and
immobilisation requirement but also the process for patieapproach, evaluationand
transport.By identifying needs omthosefi e x t eprocessksiesids immobilisation,when
compatible possible solutions can lbeund andmplemented on the cervical collar.

Following this line of thinking, afor improvement®f externalprocesseshe implementation

of a respiratory rate monitoring system would allow for the paramedics to get instant
information aboutthe patiendb s condi t i on, s evaluating the patieat (as i me
there is only needed to check the external device with the information) and even calling the
attention of the emergency teams (with a sound alert on the external device) in the case of
sudden changeslhis can be achieved widresource to contact or n@montactbasednethods
posteriorly connected tanelectronic system on the cervical collar.

Another solution proposed with this work is the implementatiapoéssure sensor to measure

the pressure exerted on the head when immobilising the patient to reduce the probability of
causing pressure sorgmin,and discomfortThis pressure sensor would also be connected to
the electronic system mentioned for the respiratory rate monitorirgnsyst

Concerning the problems reviewadthe articles, one that can be theoretically solved is the
increase in ICPDespite not having a defined causal mechanism, the compression of the jugular
veins on the neck (tourniquet effect) is the most probable amésrh. So, a different shape of

the cervical collar might solve the problem.

This work also aim$o design a fully adjustablzervical collar for adult patients without metal

parts (beside the electronic components necessary). For those electronic compaments
solution is to |l ocate them in regiondkeof tF
X-Rays (Subchapter 3.4)
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3. NeProS Development Process

After planning the diffeent improvements that theoretically solve some of the known problems
of standard cervical collaand defining extra features for improvemenhet next stepareto
imagineand createThe concept is to develop a structure for protectingchrgical region,
from where the abbreviation NeProS (Neck Protection Strudtasgn origin.

The cervical collar will be designed following an iterativeqass.

The prototype will be esigned with the software from Dassault 8ysts, SOLIDWORKS®.
Thissoftware allows the creation 8D, 3D Computer Aided DesigrdAD) modelsanddefines

their equivalentproperties to the real models to simulate their performance under certain
conditionsthroughfinite elementstudies for example

As for the production there is a 3D printer fromARJSA® availabeonl SEC6s Labor at
Applied Biomechanis Thisis anadvantageas the available equipmeatd production method
matchesthe most economat production processas explainedn Chapter 4.1Accompanied

by the printera softwarenamedPRUSASLICER® is supplied. This software establishes the
connection between the CAD modelling and the printing of any padpen CAD files on this
software, they must be under S{T®tandard Triangle Languapfrmat STL formatdescribes

the surface of an object agriangular mesh and is one of the most common formats within the
CAD, 3D prototyping, Scanning and 3D printing world.

3.17 Changing the Shape of the Cervical Collar

To change the shape of the cervical collar, @gdsentiato understand what kind stipport it

must give tammobilisethe patient. According to the movements this device must restrict, we

can define the following support points: Back of the head. B8g 3] (to restrict extension),
mandible [Fig38 - 1] (restrict lateral flexion, flexion, and rotation) or chin [F3§ - 2] (restrict

flexion), shoulders [Fig38 - 4], and chest [Fig38 - 5] and back (to support the collar). Figure

38 also represeathe movement restrictions (red arrows) that the structure offers to the patient.
Numbers 4 and 5 dondét present any arrows as

Figure 381 Collar Support and Settle RegionsAdapted fromBieber(2016)
17 Mandible Region; 2 Chin; 37 Back of the Head; # Shoulders; 5§ Chest.
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The dimensions for the cervical collar were base&mamwing (2017)as can be seean Annex
6.

Also, for CAD model references, a Human body shape (Manne(Bieper, 2016)with a
heightar ound 183 c¢cm i s used. Despite the body
Is applied in an emergency, it can give a visual idea of how the cervical collar should fit the
patient. The Mannequin is with arms opsra certain angle ahthe patients are supposed to
have arms along the body.

3.1.17 Model One

The main idea is to design a structure that woultesan the shoulders without interfering with
the neck. The designing process was made in two main separate portions, #heénion,
and theback portion.

The results of the structure designed with the requirements defieptesentedn Figure 39.

It is only a representative model of how this portion (frontal portion) coulappéed The
mamequin is not the mo$avourableone as & position is with the arms lifteata certain angle
which is not the scenario of application (the correct is with arms along the Hodyiis
position, the trapezium is contracted and increases the heigbtdfdahlder as well as changing
its angular shape.

Isometric View Front View Left View

Figure 3971 Different Perspectives oM odel One

As it is supposed to fit every adplatientlike in a universal model, it has rotational points that
help the adjustment and application of the collar. Since this model is just to get a shape of how
t he cervical coll ar can be, there arenot
immobilisationof the patient.

A better understanding of this moa@eld completeisualisationof the problems mentioneab
well as theproposed improvemengse exposed iAppendix A.
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Shoulder Support  Rotational Element ShoulderMandible Elemen  Mandible Support
Figure 4071 Different Parts that Constitute the Model One

From this possible structuré is reviewed that there are some problems on the Shoulder
Support concerning the shape of the region that is supposettléona the shoulders, as the
angle is quite elevated and might i njiur et
Appendix A. It is also noticeable that the Shouldéandible Element should have an
adjustment system, like a telescopic one (for example), in order to better fit the different sized
patients (Figure 4 Appendix A).Another problem is on the Mandible Support, otizere is

needed a rotational element on both ends to prevent the torsion of the bendable band when the
remaining structure gets stretched and rotated for better fitfemtMandible Supporteeds

to keep a flat top surface. (Figure 5 te Bppendix A) The rotation of the group Rotational
Element/ShouldeMandible Element/Mandible Support when adjusting the cervical collar is
limited because the Shouldetandible Element goes against the Shoulder Support, which
blocks the movement and constitutes anggineblem.

3.1.27 Model Two

On this model, the concept of design for the Shoulder Support changes. Since the problems
from the first model already have a suggestion to be corrected/improved, the Shoulder Support
follows a direction in which is also focused the preparation for a Back Portion. In the first
model, besides the square hole, nothing was made in order to conciliate a Back Portion, only to
allow the frontal adjustments.

Keeping the new concept in mind, it was created a Shoulder Element witbcqte
Adjustment (Figuredl-1, 2). In addition, a Back Portion Element that will be a base for the
future Back Portion design was also created (Figw8).

Figure 4117 Model Two.
17 Shoulder ElemenR i Telescopic Adjustmer® i BackPortion Element
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In this designthe Telescopic Adjustment slides in a guiding box inside the Shoulder Element
(Figure 2 Appendix B) which allows to acconmodate different sized patients. The objective

is to insert theélelescopic Element into the Back Portion to lockhe(ocking mechanism is

not represented) and then adjust the Shoulder Element against the shoulder of the patient.

There is always room for improvement but the main objective now is to design an entir
structure. For this reason, there will not be any other chaogieis model.

Forabetter understandingf this model, checlppendix B.

3.1.37 Model Three

Thethird model is the first to present a complete structure. Now that there are more pieces in
each model, @olour system will be used to better identify pairs of parts and the pieces that
have been changed comedto the previous model (meaning that thenstard grey parts are

the sameasthe previous modehot having suffered any chanyies the stucture is not yet
defined/complete, there is still no exste of locking mechanisms. The positioning of the
patientaboutthe structure is the same as oe Hirst Model.

The parts that constitute this model are: 1. Mandible Support; 2. Chin Strap; 3. Chin
Attachment; 4. Shouldeévlandible Element; 5. Back Portion Element; 6. Main Back Portion.
The previous numbers match the oimeBigure 42.

In figure 2 itis possible to see how the different parts are combined when applied to a patient
and the assembled collar wigltploded viewbetween groups of parts. The virtual application

is not a perfect fit for the Mannequin as it was designed just concerning ape simd
approximate dimensions for an adult.

Model Three Virtual Application Different Parts of Model firee

Figure 421 Model Three.
17 Mandible Support; 2 Chin Strap; 3 Chin Attachment; 4 ShoulderMandible Element; 5 Back Portion
Element; 6 Main Back Portion
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The main problems found on this structure are the bad sizing alignment betwéeantiad
and Back Portion (that can be solved with a telescopic adjustment on the Shéatdide
Element that would lower the position from the Mandible and allow to p@=mately on the
same level as the occipital support (Figure- Bppendix C). The Mandible Support and the
ShoulderMandible Element demand for the first one to be alwaysmarallel position to the
ground in order to supportthepatgma ndi bl e once it doesné6t al
that region wihout translatingPeople witha different angular shape of the mandible will not
be suitable (Figures 6 and-7Appendk C). The Rotational Element in this case is useless
becausat will change the position and angle of thendible Support whch will not offer
suitable support on the right supporting points (Figuwégpendix C). The shape of the Chin
Attachment can banproved as it might be too small and hurt#shother problem is that the
non-adjustable Main Back Portion will not perfectly fit every patient.

Forabetter understanding of this structure and its problems chgg&ndix C.

3.1.47 Model Four

Since on the previous model an entire structure was craatétiis model will be created
possible solutions for locking mechanisms. Those were created oonthection of the Front
and Back Portion (Figure34- 1), on the Shouldeviandible Elementhrough atelescopic
adjustmentFigure 8 - 2), and to fix the position of the Back Portion Elements (Fig8re3}.

Figure 431 Fourth Model Locking Mechanisms
17 Shoulder Support and back Portion ConnectioihShoulderMandible Telescopic Adjustment;i3Back
Portion Locking Mechanism

Every mechanism and changes that have been made todtttel are detaileth Appendix D.

3.1.57 Model Five

This model is marked by the different Back Portion and its mechanics when eortgpdre
previous models.
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This change allowed to

1 lower the complexity and number of parts

1 add anothemmobilisationmethod that prevents the structure and the patient to move
in relation to each other

1 prepare the structure for future electronic improvements like measuring the pressure on
the back of the head when closing teevicalcollar.

1 elevate the head at a certain height thatémeical spine benefits from, as mentioned
by De Lorenzcet al. (1996) andSchrigeret al (1991)

In this model there was also changed the button locking mechanism on the connection of the
Front and Back Portion. These mechanisms will have continued improvement by the time that
new models are presented on the document as the main purpose is to design and ifiagtement
locking mechanisms. There have also been changes on the Mandible Subigbrhow can
support different degrees of mouth openiagmandible shapeand was also incorporated a

new Chin Strap (presented in two versiofBigure 44)

Chin Strap - V2

Chin Strap- V1

Fifth Model- Version One Fifth Model- Version Two
Figure 4471 Isometric View of Version One and Two of the Fifth Model

This model also starts the development of the equipment for measuring the pressure on the back
of the head. In this case, the Main Back Portion has two holes ready to assemble two balloons
inflated with air and connected to a pressure sensor to know Wweedetal pressure is being
appliedduring thefastening othestructure

The Ball oonsd Devel op me ndlatedtopicsswill beudisclssete nt a |
Chapter3.2.

The concept of the Main Back Portion on the back of the head is completelydjdfut there
might be changes the shape and size of the balloons as well as some minor changes on the
Main Back Portion.
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Every change and characteristics of this model are detaikegpendix E.

Figure 457 Main Back Portion of the Second/ersion with the Balloons

3.1.6 1 Model Six

The sixth model has only a chanigethe shape of the Shoulder Support. This change allows
for the piecetoconta@g@ | ar ger area of the patientos
comfortable fitting.

Figure 461 Model Six

All the characteristics of this model are detailedppendix F.
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The Model Six marks a change in the way the development will be. Until now the purpose was
to develop a virtual structure tmmobilisea patient but at this point will be developed and
implemented locking mechanisms as welpestotypeprinting and tesng.

3.1.7 17 Model Seven

In this modelsimple mechanisms are applied. Besides the button and tooth mechainisen
Shoulder Elements, were also appldt locking mechanisms on the Rotational Element (that
connects the Shoulder Support and the Showtierdible Support), on the telescopic system
of the ShouldeMandible Element and Mandible Suppoonnection

Figure & showsthe assembly of this modelwhich the dark blue coloured parts represent all
the parts that need to be moved for locking or unlocking the positions of the adjugtanig
bolts). The parts that had no changes remain with the standard grey colour.

CheckAppendix G for adetaileddescription and view of every mechanism

Figure 471 Model Seven

3.1.8 1 Final Model

This model is the final version of the prototype without the technological devices. It is fully
designedwithout metal parts besides electronic components. Theldeking mechanisms
were achieved usinglasticbands (brown colour on the assembly@jure48) that will create

a spring effect on every mechanism (as showAppendix H).

In this model all the colours from the CAD file match the colours of the printed prototype,
meaning that the grey colour code for raahted parts no longer exis@n the other hand, there

are some intermediate parts presentefippendix H that, in some cases, have different colours
than those from the printed Model, or because they are testing parts, or to have a better view of
the mechanism.
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By comparison with tb previous modehk change on the top of the Main Back Portisralso
noticeabledue to themodificationsperformedn the design of the Balloon€ltapter3.2). This
new shape of the Main Back Portion alloivto fit them.

Isometric View of therinal Front View of theFinal Model Left View of the Left Shoulder
Model Support

Figure 481 Final Model (CAD)

Figure 4971 Final Model (Real Model)

The evolution of the wdels resulted in a prototype that has as feasixdecking/adjusment
mechanisms.Those are implementeth regions where they were considered needed to
accomplisha universal fit The common characteristic of the adjustmgaisl considerecan
innovative factor is theutilisationof Elastic Bands and its spring effect to change from locked
to theunlocked position (or vicgersa)in every mechanism
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Starting from the Backdttion of the Cervical Collar, the position of tBalloons,which cover

a vertical extension of aroud®9mm, is an average distance between the top of the head and
the shouldersThe centre line of th@&alloons is intended to match the centre line of the
head-neckwhich match theccipital region.

In the back of the Back Portion are implemented two pins where the Chin Strepsrareted

The ChinStrap and ChirAttachmentare part of the adjustment system to assess the pressure
exerted on t hsadjystmeéniisenmadedyspullng thedChin Straps on edelos

the structuren a direction far from the patient and that forces the Chin Attachment agginst
chin. Finally, it issecured via hook and loop material such as Ve(€igure50)

Chin Strap
securing pin

we
)
Sy

Forced slide
movement due
to the pull

N
H

el

Chin
Attachment

Figure5071 Cut Top View of the Back Portion and the Chin Attachment

Also on theBackPortion buthostedonits lower region, are two Sliding Elementheseallow
the width of the structure to match the differeaal shoulder widthslt can conciliate a
minimum width of around262 mm when closedconsidering the end part of the Sliding
Element on each sidand achieve a maximum opening of aro@i8.4 mm (having the same
reference oreach side)havingintermediate distansg¢hat can be lockenh between (Figure

51)
Locking Tooth Sliding
Element
O | i /

34mm

262mm

375.4mm

Figure511Cl osed and Extended Dimensions of the Assembl
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As for locking the mentioned positiorthie Sliding Elements present several slotst®top
region where a Locking Tooth engagé&he Locking Tooth has its movement restricted by its
housinginserted on théBack Portion having only twopossiblepositiors switchable in a
movemenparallel to the groundnd guided by the housin@ne of the positions is the engaged
one and matches the lock of the slide movemehile the other allows for the structure to be
adjustedTo unlockthe mechanism, the Lockingp®th must be pullednd moved to the higher
position where it is secured by a small indentasind the elasticbands t ensi on

The Elastic Bandsicorporatedn the mechanism allows the Locking Tooth to be secure and
static on the housingnd wheraimedto the locking positionthose helgo get an instant lock
due to theéension that theappl onit. That same tension, due to the lower anchor point of the
Elastic Bandskees tension on the Locking Tooth while alocked position which allows to
secure itprevening it from getting out(Figure52)

Locking Tooth
Engaged

Tension created
by the elastic
band

Locking Tooth
Engaged

Slots
.

CAD Model Real Model
Figure52iLocki ng Tooth Engaged Locki ngCADveRe®! i di ng

Done with the backdjustmentsthe connection of the Back and Front Portion is made between
the Sliding Elemengpart from the Back Portiorgnd Shoulder Suppofpart from the Froral
Portion) The relative movement between each otlEyws the structure to be adjusted and
fixated against the body on the chest region. This adjustment ensures theffitigntswith
different Back and Gést dstance/dimensioss. (Figure53)
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Shoulder
Support

Sliding
Element

Figure 531 Back and Front Portion Connectionthrough the Sliding Element and the Shoulder Support

For locking the different relative positions, the Sliding Elements present goattéinn feature

where a Locking Tootl{hosted on the Shoulder Suppoet)gage and locks the position
preventing thdoosemovement(direction to movehe Shoulder Suppoaway from the Back
Portion) This engagement can be considered automatic as thengob&oth is under tension

from the Elastic Band that pushes it for its locked position, keeping it there. To unlock its
position and loosen the structure, a lever must be pulled and manually secured while the
Shoul der m8vanpeptaspetfodnmsed.The tighten movement (to bring the Shoulder
Support and the Back Portion togedheain be performed by just pulling the Shoulder Support
asthelockingis nst ant due to t h(Eigue34asti c Bandsod te

Manual
actuation

Locking Tooth

Leverage

| Locking Tooth

Tooth doesn’t
pass the frame
for engagement

Tooth pass the
frame for
engagement

Cut view ofthe Mechanism Cut View of the Mechanism
(Locked Position) (Unlocked Position)

Overall look of the mechanism

Figure54iDet ai |l ed Vi ew of the Shoulder Supportoés
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The Shoulder Suppohasincorporatedthe ShouldeMandible Element (that as theame
proclains, makes the connection between the Shoulder Support and the Mandible Element)
From a front view of the structure, it is possible to understand both adjustments teethted
element. (Figuré&5)

Extension
Movement

1

Rotation
‘Hh Movement

Figure 551 Extension and Rotation Movement from theLeft Shoulder-Mandible Element

The rotation adjustment allows to aim the Mandible Element to the Mandibland the
Telescopic Adjustment allow# to take the elementcloserto it. As on the remaining
adjustments, the locking mechanisms have Elastic Bands to keep tension pinaiéemsion

puts themin thelock position.Also, both adjustments are based on tooth patsrdd.ocking

teeth To unlock the position, file on the rotation adjustment there ie@erthat needto be

pulled to allow the movement, on the Telescopic Adjustrbgntist pulling the owtr part the
extensiommovement is realise@®n the other hand, after pulling tleeerto unlock tte rotaton
movement, there is an external support that allows for the position to be opened, being just a
slight touch needed to disengage from that support and get the locked pdsit®mstant
reaction from thdeveris due to the Elastic ban@ension.(Figure56)

N\

—

Locked Position Unlocked Position

Figure 561 Rotation Movement Locking Mechanism on the Shoulder Support
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As for the Telescopic Adjustment, to return to the lower positiotsyexr must be pulled to
unlock the movemen(Figure57 and 58

Tooth in locked
position

Pull to unlock

Figure 571 Front View of the ShoulderMandible Element

Y
|

N Tooth interference No interference

MovementUnlocked

Movement Locked

Figure 581 Tooth Interference in the Locked and the Unlocked Position in the Real Model

Following the different adjustments, the nexdjpliedon the Mandible Suppoffhe Mandible
Support should be adjusted to matoththeposition andangularityof the mandible. To adjust

its position, a similar tooth pattepreviously used for the rotation movement was implemented.

The natural position of this adjustment is locked and to unlgekritanual Actuator must be

pulled. Onceahe Actuator is releasethe movement gets instantly locked due to the tension of

the Elastic BandgFigure59)
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Engagement Region
(Locked Position) -

Locked Position

CAD Model Real Model
Figure 59 - Mandible Support Position Adjustment

As for the angular adjustment it is based on the friction created between parts with the help of
a Bolt. When the bolt isightened the angular position is securéBigure60)

Bolt Lock

Angular Adjustment
Range

Figure 601 Angular Adjustment on the Mandible Support

Figure61 shows the collar applied to a healthy volunteer.

Figure 611 Different Views of this Model Printed and Applied to a Healthy Volunteer
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For a better understandingf the final prototype, its mechanisms, and the intermediate parts
designed to achieve the final model, chégpendix H 7 Final Prototype.

3.27 Balloons Development

The part being developed in this chapter and already mentiangevious ones, is called
Balloons.

The balloons are one important element offfs¢eningoressure monitoring system mentioned
in previous chapters but with bigger importance to the Final Prototype (and Appendix H).

The fundamental of this method isathby having a closed chamber (like the balloon) with
pressuriseair, the pressure at every point on the walls will be the same (P1=P2=P3=P4=P5; P
- Pressure). The same pressure will be verified on all the cwhére the air is(Figure62)

Air Molecules

Figure 621 Example of a PressurisedClosed System

In this casgethe Balloons will be inflated with air and connected with hoses to a pressure sensor
(to monitor the pressure changes), and a check valve system. The pgeegsmmeneasured by

the pressure sensor and the data will be sent to an external device ecdss@d. When the
pressure achieves a defined value, considered inoffensive for the patient and enough to
immobiliseit, it will give an alert on the external device for the paramedic to know when to
stop the fastening forces.

The development of the batlnos matches the development timeline of the cervical collar
remaining parts, which means that both can impose changes on each other. The first thought
came with the shape of the ballopwich after the3D mode| resultedin the Housing on the

Back Portion of model fiv¢Chapter3.1.5). In this model, the idea consisted of two separate
ball oons assembled at the same distance of
the centre(Figure63)
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| |

(b)

Figure 63- Top (a) and Front View (b) of the Main Back Portion with the Balloons

The shape of the balloons was now defir&m) the production method as well as the materials
needed to be chosen. As for the production method, the first thoughts were to use midtal mo
and heat. For the material was thought to use some fragmeitesibfe Polyvinyl Chloride
(PVC) that is a thermplastic (need heat to be conformed) from a beachBiglire64). The
advantage of a beach ball is titedlready presents a check valve that can heseel for filling

the balloons with air.

Figure 641 Flexible PvCthatWoul d6ve Been Used
After some discussion this idea was excluded due to the following reasons:

1 The cost of producing the mouild
1 The fact that the metal mould production is for a large scale and not for protgtyping

1 The paperwork involvedsince for usingt h e | n €ENG rmaghine auld be
necessary requirements and formularies

1 The need for a higtemperature source and its related precautions
1 The material is not as elasticiagended
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Another possible solution was the use of elastenlige latex and silicone to create a united
element as both present excellent elastic properties. To check the behaviour of the material, two
different thickness latex gloves were tested under pregsigere65)

After the testit was noticed that botivere a good basis for the balloons, but the thick gloves
(on the right) would result in a better partthsy would be more resistant to wear and have a
longer life. Also, concerning it is a medical device and is washedamtsedwith corrosive
produds, these are an advantage as theyresistant to most cleaning products.

Thin Gloves Thick Gloves

Figure 651 Behaviour of Thin and Thick Gloves

Meanwhile, a different and most suitable solution was thought. As the 3D printer is such
versatile equipment arebmematerials present considerable elasticity (being suitable for the
intendedpurposg, these shapes could be printed. The material choseRa@eudilament

Filaflex 82A a Thermoplastic Polyeth&olyurethane Elastomer. The principal questions were

if the printed components would be airtight, strong enough to keep the pressure (despite being
a low pressuré less than 100 kRdahe maximum pessure value supported by the acquired
pressuresenspr and yet comfortable for settling t

The first printed ver si inesige addwere Mdre likeattemptsa n y
to understand the behaviour of the material durimdyadter printing. The first print showed that

a lot of change the shapaould be neede(CAD model) andalsoon the parameters chosen

on the pri nRigare6b)s soft war e.
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l Undesired holes I

Figure 661 First Printed Versions of the Balloons

As it is possible to sem Figure66, the left part presestundesired holes while the other
preserdg a perfect finish on the tofrhis isdue to the different inside profgeon each one.

While on the Left ballon the inside was empty, the second test (part on the right) presented 4
conic shaped elements on an ellipse distribution to increase the support on the walls near the
top. (Figure67) Thisinside supports allowed for the walls to be printed almost without warping,
achieving a nice finish on the top. On the other hand, these elerhenide creating a
connection between the bottom and t hretcht op |
in that direction when inflated, also increase the rigidity when compressed, which eliminates
the comfort and pillow effedhtended The characteristic that was validated on this first test

was the fact that the use of this material allows airtects.

Left Ballooni Empty inside Right Ballooni Supported Inside

Figure 671 BalloonsEmpty Inside (0% Infill) and with Internal Supports

The changes on the CAD model that can be made (for this object) are related to the side walls
angle, one of the major concerns in terms of printing with flexible material, as the walls even

at 45 degrees with the printer bed have some tendency to wasphBEmomenon usually causes

the printer to shock with the already printed part, causing printing errors, or even printing
cancell ation. Besides that, the warp happen
enough. This might happen becausefliable properties are more difficult to control atad

predict good base support.
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Concerning the printero6s softwar e slketthei ngs,
bed temperatureto 0°C andhozzle temperatureto 2152250°C, thenumber of perimeters
(number of contours before the infill on each layby increasing the number of perimeters is
increased the strength of the part printedmber of top layers(the top and bottom layers are
printed with 100% infi, bridging all the infill pattern and creating solid layér&igher the
number of layers, sooner it will start to create the solid layers and the thicker it witlyss),

height (thickness of each layérpresents an inverse relation between the tirtee printing

and i t én8ll dehgty (asitHe hame mention it represents the percentage of material infill

i higher the density, higher the compression resistance or stiffig@s)pattern (help to

create greater inside support when in corabon with the infill density and is important for

this case where the inside will be filled with aii)l, and bridging angle (angle direction in

which each layer gets depositedhelps to create greater supports when in combination with
other paramets), speed(printing speed$ smaller speeds can help achieve better results),
extrusion multiplier (corrects proportionally the flow of material to be deposaedjooling

(the fan speed, and when it operates or-rfa¢lps to cool certain layers to a&he specific
effects) may help to achieve better results on the printed parts, as well as obtain special effects

As for different shapest was also triedvith an entire balloon with two circular ends to keep
the intention of ddmrhefirstoptiogit waddesigmedsa cuwad bbgeét h e a
with the curvature of the top of the Main Back Portion where the balloons will be inserted. The
problem with this design is the printing due to the hanging regions on the ends. The possibility
of creating supports is also excluded due to the reduced support thigixibise material would

offer. (Figure68)

Figure 681 Balloons with Both Ends Hanging

Keeping the shape of an entire part with the two circular ends, somateaisaddlat instead

of a curved and hanging shape. In addition to that, the element was filled with material (printed
with adensity of 5%), and the inlet hole was positionedh&nbottom preparing it to assemble

on the Top of the Main Back Portion and to receive a hose thitulgack (Figure69)

Figure 691 Printed Part with 5% of Density
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The print with a certain infill density presented goesults onthewallsf t hi s case t |
have such low angles which can also Ivelih the printing). On the other hand, in this cdbe

software builds pemetersaround the inlet hole which cawssenat region to be rigid when
compressed (not wardg As for inflaingwi t h ai r, the rectilinear
any barrier to the air passage because the layer deposition is interspersed, as is possible to see
in Figure70, leaving an air passage between consecutive layers in the same directioma due to

90 degrees delayddyerin between (interspersedddditionally, besides that gapcreated by

the interspersed layerdue to thematerial flexiblity anddepending on therlalging distance

between intersection points (where the different direction layers intersect and where the support
Is strongeil higher density increaséise number of intersection points), during the printing the
layers may fall or warp and fuse with theterior layer in the same direction. These connections

are not as strong as themainingand the air may break some of them allowing the air to
distribute all the way on the balloon. The fHwitthe infill constituted an advantagelidated

the develpment of the balloons with this parameter instead of empty ones.

90 degrees
delayed layer

Gap Between
consecutive
layers .

Consecutive
layers in one
direction

Figure 7071 Layers DepositionAccording to Rectilinear Infill

Besides that, other important information obtained with the tests is the dirgctidmch the

balloon isintendedo inflate When there is a combination of a thin flat bottom composition of
layers, and a round shape that accumulates thickness on the walls and top layers, the direction
of the inflate may not take the directioiended forcing the bottom layers instead of the top

ones This means that the bottom of the balloons needs reinforcement in thitkipessent

the airfrom influendng it. Figure71 shows a halsphere with a skirt of 1. mm in which the air
direction forces thdlat bottom layers instead of the walls on the side and top, regions that
accumulated wall thickness and strength due to the shape.

V...

Top View inflated Bottom view non inflated  Bottom view inflated

Figure 711 Behaviour of Half SphereShapedBalloon Inflated with PressurisedAir
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With this knowledgea decision of using two materials to build the balloons was taken. The
combination of a rigid bottom part and a flexible material on the top would theoretically make
the air inflate the balloons and not stretch the bottom part. Between some optiorideatraela

most suitable ones were PETG and PLA. The first one was the material selected as it presents
better durability, lower stiffness that allows some deformation keeping strength and has
greater chemical and water resistance

The first combined parbtbe printed was printed with a rectangular rigid base wihnim
(thickness) and with a similar shape to the one presemtéigure69. The adhesion between
both materials showed to be very good before testingncrease the area of contact between
both materials was added a fillet on the outside combtire balloons(Figure72)

Figure 7271 Balloonswith Rigid Base

The inside of the balloon was printed with a density of 5% and to test it, a hole was opened on

the bottom to insert a hose. The test of this part presented some warp on the rigid base as it is
possible to sem Figure 73.

Empty Inflated
Figure 731 Test of theBalloons with Rigid Base

As the results of this combination were reasonable, the Main Back Portion-desigaed to
makepossible the accommodation of a square rigid base like the one presented. So, the Top
Part of the Main Back Portion was changed to the one preser@bdpte 3.1.8and explained

in Appendix Hi Figure 5.
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After the printin Figure73, several models were testesith different shapesand different

rigid thicknesses (knowing that the total thickness should not exceed 2 mm to keep a tolerance
of 0.2 mm for the sliding guideisthese assumed tolerances are related to the characteristics of
the printer and the material usanainly consiéring the expected material contractions and
expansions that a part suffers after being pridtegito temperature changels these different

shape tests, the overall size was already approximate to reality. Concerning the printing, the
density was arouh2-5% depending on the test, low speeds (average-db4@m/s on all the
parameters to increase quality), increase on the extrusion multiplier parameigntbeh

printing the flexible material as the amounttathat was beinglepositedva s n 6t ,aadh o u g h
printing temperature to 25 because optically evaluating the material depositieeemed

to present a more uniform deposition and fusion. Of course, these parameters willaepend
printer to printer, and this asthe most adequate for this orks forthepr i nt er 6 s s o
material change, the layer heighdefined fowhen the user wants to stop the printing for the
material to be manually changed. 1 td&s i mpor
for the flexible material nekto be changed directly on the printer display after changing
materias, otherwise the parameters remain the same as for the rigid material which is the first
material to be printed for easier removal from the printer bed.

Figure74 shows different shaped primststhatpresented relevant evolutibat, in some cases,
there were regions whegtuewas needed to keep thalloonsairtight.

(@) (b) (c)

Figure 741 Different Experiments of Balloons with Rigid Base

The printing from Figure74 - aresultedin a considerably good print. It showed toaitight,

and the material adhesion was pretty gdodkigure74-b t he deposi ti on aro
shape is poor being thisrasult of extremely high speeds when printing the rigid base (user
error because increased the speed of the printing to 200%) creating higher and lower spots that
in a layer height of @5 mm, affected the quality of the print which directly affectedlthelile

material depositionThe nozzle tangentially touckithe part on the high spotseated by the

high speedsesulting in no deposition (red regions on the picture). This created a deficient
adhesion between both materials. On the other hand, also on the top of this shape were verified
a considerably high number of holes that were covered with glue and alloveadight piece

(even with the low amount of material around the shape because the correct number of
peri meters and the good thickness of the ba
Figure74i cpresend a failed print of a similar shape the one presented Figure 74 - b but
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with some changes on the top. Those changes increased the weight of the material on the walls
and created some warp that caused the nozzle to shock with them. After sometrestars
continued tdhappenandthe printing was interrupted. Qhe same figurdt is possible to see

the densityinfill, and some already broken connections that allowo flow, as explained

before. On the other hand, the regions around the balloons presented good qualityyOn ever
print, the thickness of the rigid base i$ Inm and the remaining square area was filled with
flexible material 6 the height of around 2 mm.

Ancther shape that was tested is a completely flaf @améhe rigid bas@rinting andalsoon
the flexible materiaprinting. This shape was printed withdifferent combination of layers
ordess and layers heighbt It was printed with the combinations Rigfidexible and Flexible
Rigid-Flexible,andthe different layers profile is shovn Figure 75 with the respectivaeight

example
. ‘
|

071 1.2 [mm] 1.37 1.6 [mm] 1.77 2.00 [mm]

Figure 751 Heights Where theProfile Changes
There were four trials:

1. Rigid material until 2 mm and the remainingrinting with flexible one

Rigid material until 6 mm and the remainingrinting with flexible one

Rigid Material until 14 mm and the remainingrinting with flexible one

Flexible material until & mm, rigid material until & mm and flexible material again
till the end

> wnN

The @mbination number 4ad as purpose thereaton of a flexible layer to give an extra
strength asduring the test of trial 1, the rigid part broke under pressure (excessive pressure
applied when inflating)Figure76)

Trial 4 besidepresentinga good resistance when inflating, turns the assembly process harder
as due to its hi ginhteslidefthe pad toithe mght gasigos ondhe Man | o
Back Portiondue to theittight fit. It also incrases the printing time as 2 changes of filament

are neededFigure76)

Trials2 and 3 vere performetb check if there would be any improvement in material adhesion,
which was verified on trial 2. By increasing the number of perimetes also verified a better
adhesion mainly on the contour of the balloons on the irsigeres of the profileThis
combination is the one that is being now applied in combination with the structurefofahe
model.
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Trial 1 Trial 4
Figure 761 Top and Bottom View of Trial 1 and 4

Anocther particularity of the printing was the increasehe fan speed. This increase allowed

the layersto dry faster and sao prevent a good connection when tirst layer after the
materialschanges being printed. This effect of low adhesion is neaegas the middle shape

in Figure75 (theshape that defines the balloons contours), creates a space between the bottom
[07T 1.4 mm] and top layers [4T7 2 mm] and by drying them faster, prevents from creating a
greater connectiofmhis allows for those opposite layers to be separated when the balloons get
inflated wi t hout affecting the r.dohelpthdballgegetay er s
the shapentendedwhen inflated, a frame was designed and printed in PETG making the
contourof it. (Figure77) Like the balloons, this frame is also printed.fthen assembling

both are gluedo each other

Figure77iBal | oonsd® Contour Fr ame
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Concerning th@ostprocessing and assembly, as the Top of the Baagk Portion has a curved

surface and the balloons and its frame present a flat one, these need to be moulded to that curved
shape. When designed, in terms of dimensions both had in consideration the length of the
curved line on the Main Back Portion betmesliding guides, which alloyd for the parts to

get a tight fit. Then they are forced into position and heated with a heat gun and left with weights
for about 12 hours to get accommodated to the shape. (F8ures thermoplastics, both get

the desireghape and then are gluéd.Figure78 it is also possible to see the balloons inflated.

PostProcessing Balloons Inflated

Figure 781 PostProcessing and Est of the Ballmns

3.3 Check Valve Development

Associated with the balloons and as they are meant to be filled withhaseline needs to be

built. To reduce weight and yet allow the ballodosnflate whenevertheir pressure is not
convenient for use, a system with a check valve was built. Withs v al ve, t he ai
need to be attached to the cervical collar and just be used whenever necessary.

There are check valves on the market that are relatively light and with low volume but since we
had a 3D printer available a valve prototypeswdasigned and produced. To produce the valve,
PETG and Silicon wreused. The silicon is moulded and then inserted inside the printing by
stopping and restarting it at a certain point. Figi@shows a cut view of the valve as well as

a representatioaf the circuit.
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Pressure Sensor

Balloons

Figure 791 Check Valve Cut View andAssociatedCircuit

Theoretically, the valve allows flow in one direction retaining the air on the opposite one and
S0, keeping pressure on the system. The air pump introducesharsystem that flows through

1 mn? holes and by bending the ends of the circuilicon cover, fill s the Balloons. The
pressure is read by th@essuresensor and when the maximuralueis achievedor value
desired) the air pump is turned off and the silicon cover covers the holes preventing the air
from leaking. Thesphericsection on the ktom of the silicon partwith the thinner sectioof

the check valve bodin the middle of the covenllows for the silicon part to be stuck in the
right position.

For producing the silicon, a mould was 3D printed. Then, by using clamps for securing and
compressing the mould, the silicon is injected. Several shapes were tested for tmaipat
varying the thickness of the circular cover. On the left of Fi@0ris presented a mould with

the silicon part produced and on the righa photo of the procedure.

As for printing the valve body, its position was the same as showigure79 (upstanding
position/vertical) andvasusedprinting supports on the bottonf the valve, but never inside

as the body was designed having in consideration the no need for supports on the remaining
regions.

Mould Procedure

Figure 801 Mould and Procedure for Producing the Silicon Cover
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After connecting all the hoses to the valve and the remaining parts, a simple test was made to
check if the system was airtight. To assess that, the pressure sensor was connéestitigo a

PCB and theggraphic curve for pressurewvere acquired andanalysed Figure 81 shows the

graphc Pressurelime without calibrated values of pressyiRa] (thereason why the pressure

values are negativgjust to assess the airtightness of the systeen time [secondsAs it is
possible to see, there are a | ot of region:
This behaviour of theurverepresents pressure drops and match leaksgiEphic curve of

small oscillations match the interactions made on thiediad by applying forces on them
increasing and decreasing the pressure inside. The higher increases in pressure represent air
inflates returning the pressure to its maximum values. The constant pressure verified is the
resultintendedfor this system antepresents airtightness.

Pressure =
[Pa] | Constant Pressure = Desired I

-9000 - - e TS :

‘ ‘ \/ “ M I_—I .}
H \ , ‘ ‘ \ Pressure ‘

it ' ‘ | \ Drops

-15000 - '

-18000 - ) }‘ |

-21000

3308 3308 3408 3508 3608 Time
[ms]

Figure 811 Pressure SensoGraphic Curves

After this test, it was determined that there was a leak on some component which, after visual
inspection, was verified on a broken hose that was replaced. Repeating the process, the leak
was still present so, to check the valve and balloons airtighswes, water diving experiments

were performed. (Figur82 - left) If the body presented bubbles when inflated, it would
represent air leaks. During this test, the balloons showed to be airtight, on the othénénand
check valve presented numerous leakging to solve this problem, 10 layers of a waterproof

gel coat wereapplied, but even after that, the leak remained despite being in a smaller amount
(Figure82 - Right).
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l Leak Bubble

Water test Leak bubble
Figure 821 Watertightness Test of the Valve

As the problem remained and because the printing quality of the valve was very low due to the
printing parameters (high speeds mainly), the decisome-print this part was taken.
Concerning the design of the valve, tlwttbm part that needed support on the first version is
now redesignedvhich resulted in a printing without support$he results showed an airtight
system during a small period tested (arobimol 10 minutes).These resultd o nm@&dn that the
balloons are airtight in long testing periods.

3.471 Electronic Systems

The electronic system was developed during the mobility at PSU, in RAs#igs institution,

several decisions were taken concerning the different methodsefasuring the proposed
parameters, the pressure exerted on the head, and the respiratory monitoring system. There were
also discussed other needs a$ #pplication such as the type of power supihlgdevice where

the data shoul d bhapeseguitementsRatiBontber sficanmectaasor d
example.

3.4.17 Pressure Measuring System

The first steps in the direction of implementing a Pressure Measuring System for assessing the
fastening efforts that a rdewerd discusspd tapogsible e d t
methods The first, and most obvious, through the use of a Load Cell, and the second and
implemented solution, through a Closed Pressurised System.

The Load Cells are commonly used elements to measure weigttertsexert@l on a certain

point or region. These are devices usually made from metal materials, such as steel or
aluminium (materials that are very strong but also present ability for deformation, despite
minimal, due to the elastic properties), that constitute they,band present strain gauges
attached to them, that due to their composition are the measuring compogenat.&8 shows

the purchased Load Cell ready for connection with the PCB.
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Figure 8371 Load Cell Ready for Connection with a PCB

The Strain Gaugd§igure &) are sensors made of conductive material that messiactrical
resistance variations according to the strain that it is being subjected. The strain is a deformation
of a material and here is where thetahbody enters in the equation. The Strain Gauge is glued

to the Metal Body that by suffering any loads will defazonsequentlyeforning the glued

sensor which results in variatiorrsthe electrical resistance. These variations, with the Metal
Body prgerties (shape, length, profile, etc) as well as the sensor ones (as its sensitivity,
dimensions, resistance, etc), can be gathered and processed for assessing the load applied.

-

Figure 841 Strain Gauge applied.Adapted fromStrain(n.d.)

As the Load Cellsaraessoci ated with hard compothient s,
application as the purpose is to assess the pressure on the back of the head whieh has as
requirement soft and comfortable padding. It could also be applied foam layers between the
head and the different components used for applying the Load Qetlihd measurements
would be immediately affected. Since there was an alternative solution, its pros and cons were
assessed to determine whimteis the best for the purpose.
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Thebody used for th€losed Pressurised System is describesibchapter 3,2inder the name
of Balloons. This solution, in contrast to the load cell, presents soft and comfortable padding
for the head.

Subchapter 3.3which complements the explained subchapter 3,Zomplets the Closed
Pressurise®ystem withthe Check Valve, the Pressure Sensor, and the Air Pump.

Air/Water Pressure Sensors have a similar working principle to the one verifibeé boad
Cell as both have piezoresistive elemesdsmeasuring componenBut, in this case, the
Pressure Sensor prese a diaphragnfFigure &) that is deformed when there is pressure
applied on it. The diaphragm is connected with those piezoresistive elemeriyg thaasuring
the differentresistancevariations allow to assess the pressure values appheough daad
processing irthe microcontrollers or processor elements.

Pressure Pressure

. Piezoresistive Elements
Diaphragm

-

vacutum

Pressure Sensor Cross Section

Figure 851 Diaphragm deformed due to applied pressureAdapted fromALPS(2020)

As this is a reliable method and the results achieved with the Balloons are very good, this is the
solution for assessing tli@steningoressure of the structure.

3.4.27 The Respiratory Rate Monitoring System

For the Respiratory Rate Monitoring Systelme search indicated contact and +oomtact

based methods. Since the cervical orthosis is a device applied on the head region, the method

intended to assess the respiratory rate should be on the head or top of the chest region because
independently of thehoice, the sensors, or devices necessary to perform the monitousty

be connected to the PCB either to get an energy supply from the same battery or to send the

data acquired. Wireless solutions are possible but increase the price of the prolatype a

For the norcontactbased technique\l-Naji et al (2017) summarised different possible
methods for measuring the respiratory rate and displayed it on a figure. The figure was adapted
to this document and labelled as Fig8ée
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DOPPLER EFFECT BASED METHODS THERMAL CAMERA IMAGING BASED METHODS
IMAGING BASED
i ~ [ELECTROMAGNETIC
INFLUENCING CHALLENGES e LDV METHODS COLOR MOTION
NOISE MOTION ARTIFACTS * * *k wokok wk
ARTIFACTS
IMMUNITY AMBIENT ENVIRO. ohskeok sk Hokokok EETEY ek ek
SUBJECT MOVEMENT IMMUNITY * * *% wokok wk
ROIs * * dk sk sk
MULTIPLE SUBJECT * * * ok *k
DETECTING RANGE EkE kol * * *
ACTIVE/PASSIVE A A P P P
BIOLOGICAL EFFECTS ek ok * * *
COST Ak 4k ko ek koK * *
SHORT*/LONG***** TERM * *x kR Fokkokk Fok ko

Figure 861 Non-Contact-Based Methods for Measuring Respiratory RateAdapted fromAl-Naji et al.

Eitherdue t o

(2017)

t h e (DopptehEffett@rsd Themal tmaging) or due to the conditions

required to practice certain methods (Camera Imagwigere a camera and patient filming is
required), these methods were discarded from the beginriieg{drean patent frofneeet al
(2011) mentioned a Doppler Effect method for measuring the heart and breathing activity of a

patient but

t he

equi pment

and how

t he

met ho

Massaroniet al (2019) published a review about contdmsed methods for measuring
respiratory rate. In that reviethe author summarises the different methods and distiiays
on a figure. That figure was adapted to tlagsument and labelled as Fig@e

&

g Y

.
Contact-based Techniques
Respiratory Respiratory Air Air Air Chest wall Modulation
airflow sounds Temperature Humidity components movements cardiac activity
Flow Acoustic " Te Relative humidity CO, Strain " Biopotential
Differential Microphones || Thermistors Capacitive sensors Infrared sensors Resistive sensors || ECG sensors
flowmeteny | Thermocouples Resistive sensors Fiber optic sensors Capacitive sensors "—Lishl T .
~ Y
flI:lv:lr)\le“lzrs ,‘, Pyroelectric sensors Nanocrystal and Inductive sensors " measurements
Hot vt Fiber optic sensors nanoparticles sensors ‘ Fiber optic sensors || PPG sensors
ok tixe Fiber optic sensors
anemometers Impedance
Fiber optic sensors Iease e

Transthoracic
impedance sensors

Movement
measurements

Accelerometers

Gyroscopes

Magnetometers

P

|

Figure 871 Contact-Based Techniques for Measuring Respiratory RateAdapted fromMassaroni et al. (2019)

Almost every method is compatible with the location required. On the other hand, the ones that
interfere with the mouth region were excluded because in gbthe protocols for approaching
and treating the victim masks are used for oxygenation and any device on that region could
affect that process. As a result, the method considered to be the most ,sudalilee acoustic
ong with microphones. Accordingtthe same author, there are some adhesive sensors that can
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stick to the skin and be used to measure these respiratory sounds. These stickers and respective
wires would result in a simple and easy application in combination with the cervical collar.

Despte being a possible and cheap solution, the microphones present poor performance due to
environmental factors and patient moveméydcording toCorbishley & Rodrigue/illegas

(2008) these effects can be reduced by an aluminium conical bell. These authoopele\ze
acoustiebased method for breathing monitoring through a miniaturised, wearable, battery
operated device (microphone included). There, a study where the respiratory signal is monitored
in the presence of noises and interference artefacts. Baskd msults of the experience it is
shown a developed algorithm that allows an average success ratd%f(®mly five subjects

were monitored).

The aluminium conical bell used to amplify the signal and prevent environmental artefacts was
the conical belfrom a stethoscope. Tests were performed and it was possible to get a curve for
the respiration, but the signal cleaning algorithm was too complex and there was no available
time (due to COVID limitations) to finish it. For stronger processing powenwasigorithm

for cleaning the signal and procasss technologically heavy, a server was programmed to
receive the data and to process it (part missing) on a computer or device with high processing
powerre-sending the processed data to the smartphameected via Bluetooth to the PCB.

3.4.37 The Printed Circuit Board (PCB)

To connect all the different systems and send the data for an external device (the one that will
assist the emergency staff), a PCB needed to be developed. According to thdi@pplica
intendedfor this device, the microcontroller selected (the most important part of the PCB) was
the ESP 32 from the company ESPRESSIF. This microcontroller is adequate for mobile devices
or wearable electronics, due to its low power consumption,hagmg Bluetooth and Vi
functionalities which are ideal for sending data to external devices.

The firmware code of the device is developed VWRDUINOsoftware.

Figure 8 shows the PCB sketch with the respective ed@mitrcomponents needed for the
project.
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Figure 881 Ne Pr o S 6i SD Modd

The different components signalled figure 8 are now described witltheir respective
function or characteristic:

1 Reset Buttori usedto Reset the entire systeafi the PCB. This causes the device to
clean the memory and reboot;

1 Debug Connectoir allows to connect to a computer or compatible external device to

correct bugs or errors found on the firmware code during testing;

Power Supply Conectori where the battery is connected to power the device;

On/Off Switchi switch to turn On or Off the device when connected to a power supply;

Microphonei component used for the Respiratory Rate Monitoring System;

Voltage Regulatoi essential to kgethe voltages inside the range tolerated by the

device;

1 Sensor Connectoisto implement other sensors on the system (like the pressure sensor,
because it is an external sensor);

1 Microcontrolleri essential to control the different circuit tasks (to psscand as a
memory, for example);

1 Antennai to providea method for wireless communication.

= -4 —a -

Between the different power supply options available, and since the PCB works on a power of
3.3V (power requirements from the microcontroller) controlled by thage regulator, the
solution applied to the system was a@¢hargeable batteryhe difference in voltagen the
systemis converedto heatby the regulator. This is the most compact among the rechargeable
batteries, which for a portable device is an advantage. A solution with a power bank, that already
has an integrated recharge system, was also considered but this option is too big arat heavy f
the application. When the battery doesnodt
recharged on a compatible chardeeveloping a recharge circuit was excluded due to several
risks associatedike fire or explosion

Even more compact batteriean be used, but those are disposable. This increases the cost
during the life of the equipment angpresergunnecessarwaste of resources.
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3.4.471 The Interface

As for displaying the different readings of the PCB, an interflaicthe user must be anable.
That interface was developed with &l App Inventor This is a simple software for creating
apps with the benefihatit is clear and easfor those who are new to the subject. Instead of
developing a series of code lines, this software faté# that task by giving already setnded
boxes (puzzle pieces) with function§he app creation functions like a puzzandthe
predefined conditions on each piece have
the code sequence. Those sequemcesimpleto build in this software because the piece that
comes after the first one, will present the shape forcthatburspace. Figur89 shows a short
sample of the code for this project app, and fi®@@eshowsan exampldrom the available
library of conditions explaining the easinegforming sequences due to the compatibility of
shapes.

when Initialize
[+ -1l settings = JzEEGIE])

LCENELCIII settings.csv |
(]|l BluetoothLE1 » Jeelali IS i} Ve (o[ (5

address ( get start value
-

when .BackPressed

open another screen screenName

Figure 891 Ne P r dC&dé/Buzzle Sample

| Blocks Viewer Control Blocks
8 Built-in f Library for
? B contror | First Condition | " Sequence
[ then
| . Logic o

. Math

. Text / d d°

- Lists t

when (IO Click

. Dictionaries o - SO D
M coiors w Open another screen screenName  EFEITIIED
; B varisbies \\ i open another screen with start value screenName [l
| | Procedures stariValue
8 [ screem \ get start value
& CheckBox1

= Button . => Incompatible

- Imagel .
| @ Anycomponent ° -> Compatlble

Figure 901 Example ofhow Sequence Compositions are Made

Besides the code, the interface design itself is easy for newbies to the art as the software has a

vast library of predefined conditions that just needs to be dragged to a phone inmeiiguas
91. These predefined conditions, in this casest be completedhiterms oftheir properties
(colours, size, text, for example).
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Figure 9171 Interface Design withMIT App Inventor

3.4.57 Using the Interface

Starting the app on an android phone, the first screen shows a variety of information related to
the connection with the device. As can be sadigure 92, the app describes the several steps

to establish the connection and presents two interactivenbsttol abel | ed A Scano
for that. The button AScand begins the se:
selecting the intended one for connmnaueg i ng,
reading

isec

Politécnico de Coimbra

Buttons > Scan Connect |Slar1 scanning

30:83:98:C7:AF:1E ESP32-44 4] Available devices

1. Press the Scan button to begin searching for a Collar

2. Form the list above pick the device called "ESP32"
I]Se instructions 3. Press Connect button

4. Longpress the Scan button to stop scanning

5. Longpress the Connect button to disconnect

Figure 921 Ne Pr 0 S6 App S (Afker Rressing theSScan Bugtan)
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Once on the second screafithe app(Figure ), right after pressing
IS possible to see an image with the front view of NeProS withagheboonds regi or
colour.When a certain pressure value exceeds the value defined as dangerous for the patient
the green region becomes red and Béavtthes t h
NeProSo6 i mage, there is also a Pressure/ Tin
on the tedperformed to check if the system is airtight, precisely to check if there is any leakage

on the system when the collar is filled with laut without any effort on itYet on the second

screent here is a APressure Valueo text box men
moment for guidance. Below the mentioned featwess pl aced a fASetting
athird screen.

Collar Status

Collar Status

Pressure/time chart

3,000

2,000

<«— Pressure Chart

Pressure, Pa

1,000

Pressure Value

950 1,000
Time, ms
——pressure

Pressure value: 1379

Figure 931 App6s Second Screen

In the settings menu are two options, one for setting threshold valoee the 30% increase
over the headébés wei ght s lammwidedor updating tad device d f
firmwar e. The one ASet Threshold Valueso o
value is manually defined.

After immobilising the patient and due to its head weight, it causes an effort input on the
pressure syste increasing the pressure value. When the topic is related to prolonged
applications (several days or weeks), like when a patient is confined to bed with low movements
and usually in decubitus position, accordingptey & Bhat(2020 the pressure ulcers occur
when the pressure exceeds capillary closing pressure (ito 826 kPa). As in emergency
immobilisation cases the time of exposure varies from a few nsinata coupl®f hours, the

73



Politécnico de Coimbra | Instituto Superior de Engenharia de Coimbra

same reference values cannot be used, and a medical study should be realised to assess the
pressure line that separates healthy from harmful vad#er factorsthat may favour the

creation of pressure ulcerare shearing fores or constant exposure to high moisture
percentage

The option suggested meanwhile is to apply pressure 30% above the value read when the head

is settled above the ball oons. Thi s i s onl
reference.
Therimware Updateo button will allow for the

performed when there is any change on the app code or to fix errors or bugs from the PCB own
management code.

3.4.67 Integration of the PCB in the Structure

The PCB wa developed after the mechanical component of the project, so its integration is
postproduction of the prototype. Despite having a defined region for positioning the PCB, its
dimensions were unknown which makeseasonabldor a postproduction integration. Now

that the dimensions are known, 45 mm of length, 30 mm of width, and around 15 mm of
thickness with the sensor connectors and the pressure sensor connected (around 5 mm without
any connector or adaptetihe adapter fotsintegrationwill be designed and producdgéigure

94)

g

Microcontroller
/ CC L R | | '

i,
RO l;— i

. \ C2
Reset Button e (@EB)P3 o

| Antenna |

| Connector Sensor
"" Connector
| Voltage
- Regulator
Power Supply
Connector
| Microphone

| owofrswitch |

Figure94i Ne Pr o S6 PCB

After the acquisition of the assembled P@ adapter was printed and metantonnect it to
the back of theBack Portion of the Collar as displayedFigure95. This adapter is meant to
be glued on the Back Portion and the PCB bolteid.on
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3D model of the Assembly Real Model

Figure 9571 Integration of the PCB on NeProS

The final position of the PCB is located at around 71.54 mm from the centre line of the structure.
According to Knowing (2017), the highest head circumference value is around 165 mm which
means that the PCB location affé¢ s ar ound 10. 96 mm of the p
exams. Despite being affected with metal components in a considerable area, it is far from the
centre line that is the most important region to evaluate in the case of vertebral column injury.
(Figure96)

PCB line

Head’s Centre Line

Figure 961 Position of the PCB in Relationwitht he Pati ent s Head

Despite the battery being subjected to possible changes to meet medical requirements and
compatibilities, a small support was also created on the top of the PCB position. This way, the
prototype doesnédét present any | oose electro
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4. Materials, Estimated Cost, Time, and Type of Production

Nowadaysfor prototyping 3D Printing is the first option that comes to mind in every industry.
This principle and its developmeint recent yearsallowedusto apply this type of production

to low andmedium volume productions as it turnedutto be profitableand a cheaper option
within its pros and consThe choice for this type of production is shown and justifiethe
present chapter where the overathgass (not specific 3D printing processes) is compared to
conventional ones concerning the capability of producing certain shapesyitse andcost,

lead time, and compatible materiaiside theplastic group of material.

4.17 Type of Production

In the industry, to produce a parfor a group of parjsusing plastic materials, the right
manufacturing process should be studied and selected according to the necessitiggsto turn
productioninto the most profitablpossibleandfulfil schedule requirement®n the other hand,

the first approach that should be made is to understand the type of production that best fulfils
the shape requirememtn ce mor e compl ex shapes may excl L
offer the quality or evené possible to produce ém In summary, the factors that should
condition the type of production selection:gfguide n.d)

1 Shapei The higher complexity of a parhamely its interior featuredimits the
manufacturing process choice. Some of those that are excluded can be adapted for
producing comlex internal features but will affect the process concerning the
economical field

1 Volume/Costi The annual volume of parts planned for productgthe question to
be answered as there are processes that present highpstaosts that can be
considered inexpensive on the annualgmat level, or processes that present lowstart
up costs but al most dondédt benefit when t

1 Lead Timé' In this case, the question lBow fast does the company or the client need
the parts? To meet schedules and production goals, the factories should toave in
consideration that some manufacturing processes take no longer than 24 hours to
produce some parts, as well as there are some processes that just by preparing specific
tools ormoulds might take from weeks to several months

1 Materiali The balance between cost, functionality and aesthetics should be achieved
while these are inserted in the several available manufacturing processes.

Figure 97 displaysthe different manufacturingrpcesses for plastics and its Volw@est per
part relation. It is easily distinguishable that for lower volume productions 3D Printing
represents the most economical solution.
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Manufacturing Processes for Plastics

&+
R
g
¥

Cost per part

Injection Molding

100,000
Volume

Figure 971 VolumexCost perPart Graphic for Different Manufacturing Processes Adapted fromGuide
(n.d)

To better di stinguish these processes, ar e
method having in consideration that the two main groupgladtic commonly used are
Thermoplastics an@hermosettingPlastics.Both need heat toonform them andthe major
difference between both is that on the secomelthe curing procesand the bonds created are
irreversible. Evemn the presence of a heat soytbe material will decompose instead of melt
which makes it impossible to recy@ead reuse(Guide n.d)

The ideal materials for the peajt are thermoplastics as thesewaidely offered on the market
as filament or pellets which are easier to usa nonrindustrial environment and are possible
to recycle and reuse. This second factor is importadtiagothe iterativedesigning process
until achieving a final prototypesome material will bevasted,and some parts will present
errors Thoseresultant partsan bemelted and reisedresulting in an economic design cycle.

The different manufacturing processes and compatible mateeglS@de n.d):

91 3D Printingi Depends on th&echnology selectedut Thermoplastics are commonly
used

1 CNC Machiningi Compatible with every Plastic. Might nesgecialisedools for
softer plastics

9 Polymer Castingi Thermoset plastics are the most common materials used.
Thermalasticsare also compatibje

1 Rotational Moulding Polyethylene (Thermoplastic) is tineost usednaterial.Other

Thermoplastics are compatible

Vacuum Forming Most Thermoplastics are compatiple

Injection Mouldingi Most Thermoplastics are compatiple

Extrusioni Most Thermoplastics are compatiple

Blow Mouldingi Most Thermoplastics are compatible.

=A =4 -4 =4
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According to these material restrictionfseach proces#6 possible to exclude some of them
ason the projecthermoplasticsvill be usedas material.

Figure98 shows the remaining relations of volume, g@gtantitative) lead time(consists of
waiting, setup, real operating, and ppsbcessing timedf each type of production, degree of
freedom concerning the shape complegiiigh degrees are comgalg with complex shapes)

_ v @ g §
Manufacturing E 0 o . O ©
S £ 2% B¢ R > 3

Process s 8 ® O O @ o E o 9
3D Printing ~1-1000 a aua < 24 hours High
CNC Machining ~1-5000 aa aac <24 hours Medium
Polymer Casting ~1-1000 a U U <24 hours to éew days High

Rotational Moulding ~2005000 G G C G G Days to a few weeks Medium

Vacuum Forming Any Volume G-0 G 10-0 G <24 hours to weeks Low?!
Injection Moulding 5000+ Guu 2 to 4 months Medium to High
Extrusion 1000+ auac a Weeks Low?

Blow Moulding 5000+ aaa u Weeks Low?®

Figure 981 Comparison BetweenPlastic Manufacturing ProcessesAdapted fromGuide(n.d.)

Note: 1i Only thin-wall parts @ad no complex geometries. @nly long continuous shapes.@nly hollow, thin
walled shapes with no complex geometries.

Relating the data presentadFigure97 and98, 3D Printing is shown as the most adequate
methodas the compatibility witlalow volume of production, its ability to extend to a medium
volume ofproduction,the low setup cosand the versatility concerning the complexity of the
shapes are some of the most important factors when prototyfihegspeed offered by the
method is ao a plus.

3D printing is an Additive Manufacturing process that has been widely developedent
years being nowompatible withany kind of materialke metal ceramicsand thermoplastics
as examplesSeveral technologiegary on how the layers amnnectednd depositedout the
technology that is used in this project is the fulathentfabrication(FFF) and the equipment
used is a RUSAi3 MK3S+ (Original, n.d.)

Fused Filament Fabrication is the most recent term for the prcesas as Fused Deposition
Modelling (FDM). The printing principle is the same consisting of a Filament of material (solid)
that is pulled throgha feeding mechanism that step by step will introduce material towards the
Extruder where the Nozzls. The Nozzle is a small mefaiece(usuallybrass) thaénsursthe
diameter ofthe material that flows through. This dimension is ensured because the Nozzle is
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surrounded by a Heating Elememtdby achieving high temperaturdd/AX ~ 250°C) on the
extruder allowsit to melt the mateal that is flowing and s@to control the amount that is being
depositedAs the material flowsthe deposition is maden an XYZ coordinaé system being
depositedn the printer bed where the extruder passes thronughe case of the printer used,
the extruder moves the XZ direction and the printer bedthe Y directionThe deposition is
made by layers that can be increased in heigHd.05; 010; 015 [mm] for exampleand the
different parameters changed when printing the project were alneaalyoned as exam@en
Chapter3.2.

Filament is led Filament
to the extruder

The extruded material is

= laid down on the model
. where it is needed

The print head and/or bed is moved to the
correct X/Y/Z position for placing the material

FFF 3D Printing Basic Components

PRUSA 13 MK3S+

Adapted fromkantaros & Dimitriog2021)

Figure 991 FFF 3D Printing BasicComponents andPRUSA 13 MK3S+

427 NeProS6Materials, Time, and Estimated Cost of Production

The materials used for producing some parts of NeProS have already been dasQitzgder

3.2. From a variety of possibldhermoplasticsthe most usedare Acrylonitrile Butadiene
Styrene(ABS) andPolylacticAcid (PLA). Besides these materials theralsoPolyethylene
Terephthalate GlycoRETQ thatpresents a balance between flexibility and strergthing

it greater for applications where less rigidisyintended having higheresistancéhan ABS

and PLA (which would break under flexion). The PLA being a cheap material and presenting
similar considerable strengtis a good option for locking teetAlso, since it is easy to print

it is a better material to get the desired dimensionstaledancesAs this model is just a
prototype, the tests will define other material requirements in the case of failure.

Figure 100 shows thddifferent groug of parts according to the colour or its designation on
Appendix H1 Final Prototype, and the material used forTihe materials were chosen
according taheir predicted necessity of being more or less flexible for testing purpdsdsr
production thee is still needed topology optimization and finite element studies.
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About theproductiontime, it is presented individuallin Figure100, describing the time taken
for printing supports, the part itself and an approximate time forgosessing. Thesmes
printeraos

are calcul ated on

t he

software

(standard speed for each materiall5%onm of layer height, 15% of density and .4 thm

nozzlg. Changing the parametdiise describedn Chapter 3.2each print would take longer.

Material
Group of Parts
"p Used
Grey Parts (Varied) PETG
Black Parts (Varied) PETG

Transparent Parts (Varied) PETG

Lower Main Back Portion

PETG
and Covers (Transparent)
Top Main Back Portion
PETG
(Transparent)
Shoulder Supports and
PETG
Covers(Transparent)
Balloons Frame (Any
PETG

Colour)
Check Valve (Any Colour)  PETG
Sliding Element (Black) PLA Tough

Black Parts_2(Varied) = PLA Tough

Red Parts (Varied) PLA
PETG
Balloons
TPU
Chin Attachment TPU

Printing Time [h:min]

Supports Parts

00:06

00:10

00:15

00:22

01:27

01:22

00:00

00:00

00:00

00:01

00:16

00:00

00:00

00:00

06:53

06:30

05:56

06:44

14:06

11:25

01:28

02:16

13:30

01:02

05:38

02:03

01:03

01:23

Processing
00:02
00:06

00:12

00:12

00:01

00:15

00:00

00:00
00:01
00:01
00:04
00:00
00:00

00:00

Weight [g]

Parts Supports

53

42.25

37.07

76.77

11335

96.79

16.33

17.82

10428

4.76

29.89

43.65

1274

1556

0.44

0.56

115

1.95

9.89

9.43

0

0

0

04

1.04

Figure 1007 Material Used, Printing Time and Estimated Weightfor Producing the Collar

It is also presenteith Figure100the used material weight on each group of parts. The total
weight of the mechanical structure without electronics is aroun@6@4nd the material waste
(supports) is 286g. The materials cogiresented in the following linesas market values

referene for a private user and not for an entity or industry.
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Having theprinting time, the amount of material used and the market prices foprikate
consumerenergy (/kWh) it is possible to estimate the price to produce gthe ot ot y p e ¢
structure The cosbf PETG and PLA filaments 17.900 per 850g (Easy PETGn.d.)(Easy

PLA n.d.)the PLA Tough (for extra strength) has a price of.@#1 per 750g(PLA Tough

n.d.) and theilaflex filament has a price of 2210 per 500g Filaflex, n.d.) The materials cost

shown are the ones for the filaments of specific manufacturers that, in this case, match the ones
used during printing. These costs may be lower or higher depending wamlgacturer, and

on the volume of the requefir examplehigher amounts on request usually match lower cost

per roll/mete/weightof the material As for the energy price, accordingRoecos(2021) the

energy cost in Portugal for a private consumer in 2021 started f&3830/kWh.

Concerning the energy consumption from the printer, the official website mentions that when
printing PLA the onsumption is 80W and when printing ABS the consumption is 120W. For
a costestimationstudy, the power consumption considered will be 100W for every print
regardless of the materigPrusa Knowledgebas@021)

Figure101shows the prices resulting from the structure and the electronics as well as the total
price for a private usef.he expenses with labguprinting equipment anshipping fees areot
included.

Price Estimation for one collar production [ (

Material 16.93
Energy 1.67
Pressuré&ensor 2.6
TechnicalElasticBands 0.40
Non-TechnicalElasticBands 0.25
Straps 0.20
Battery 35
Foams 0.40
PCB 40
Total 65.95

Figure 10171 Price Estimation for Collar Production [(]
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