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6. STRESZCZENIE OSIAGNIECIA NAUKOWEGO

WSTEP

Gummetal, to stop sktadajacy si¢ z tytanu, niobu, tantalu, cyrkonu oraz tlenu. Zostat
wyprodukowany w 2001 roku w Japonii, w firmie Toyota Central R&D, Inc. Od niedawna jest
stosowany w leczeniu wad zgryzu aparatami statymi cienkotukowymi. Gummetal nie zawiera
niklu ani chromu, ktore naleza do alergenéw kontaktowych. Wedtug producentow, Gummetal
ma wyjatkowo niski modut elastycznosci Younga, duzg sprezysto$¢, wytrzymatos¢, pamigc
ksztaltu, fatwo si¢ dogina oraz generuje mate (biologiczne) sity, pozadane podczas leczenia
ortodontycznego. Toyota R&D podaje, ze sity powstale pomiedzy Gummetalem i zamkami
metalowymi moga by¢ do 50% mniejsze od sit tarcia powstalych przy zastosowaniu innych
drutow zawierajacych tytan. Twierdzenia te nie maja jednak wystarczajgcego uzasadnienia w
postaci publikacji wynikéw badan laboratoryjnych 1 klinicznych, co nie pozwala na okre$lenie

wskazan do stosowania Gummetalu w poszczeg6lnych fazach leczenia ortodontycznego.

CEL PROJEKTU

Celem projektu byla analiza wybranych wtasciwosci drutow ortodontycznych do
leczenia aparatami statymi, wyprodukowanych ze stopu Gummetal.

W pierwszym etapie przygotowano krytyczny przeglad systematyczny pismiennictwa,
ktorego celem byto znalezienie 1 usystematyzowanie wynikéw badan naukowych dotyczacych
wlasciwosci mechanicznych i klinicznych stopu Gummetal.

Celami drugiego etapu projektu byty:

1. Zbadanie warto$ci tarcia kinetycznego drutu TiNbTaZrO w warunkach
laboratoryjnych oraz poroéwnanie ich z warto$ciami stosowanych od dawna tukéw
ortodontycznych: stalowego, niklowotytanowego, chromokobaltowego oraz
tytanowomolibdenowego.

2. Pordwnanie topografii powierzchni drutu z Gummetalu z powierzchnig drutu
stalowego, niklowotytanowego, chromokobaltowego oraz

tytanowomolibdenowego.



MATERIAL BADAWCZY

Krytyczny przeglad pi$miennictwa przeprowadzono przy pomocy baz PubMed, PMC,
Google Scholar, Ovid oraz Cochrane Library. Wyszukiwanie prowadzono wykorzystujac stowa
kluczowe: gummetal orthodontic wire (drut ortodontyczny z Gummetalu).

Materiat badawczy etapu laboratoryjnego stanowity druty ortodontyczne (n=50) o
dlugosci 10 cm i1 wymiarach przekroju poprzecznego: 0.016”x0.022” (po 10 drutow: z
Gummetalu (Gummetal, JM Ortho Corporation), stalowych (Remanium, Dentaurum),
niklowotytanowych (Nickel Titanium, G&H), chromokobaltowych (Elgiloy Blue, RMO), oraz
tytanowomolibdenowch (BetaForce, Ortho Technology)), zamki ortodontyczne metalowe dla
kta gornego prawego w preskrypcji Rotha (o rozmiarze szczeliny 0.0187x0.025”") (Discovery,
Dentaurum) (n=50) oraz ligatury elastyczne (Alastik Easy-To-Tie, 3M) (n=50).

METODOLOGIA PRZEGLADU SYSTEMATYCZNEGO I PRACY BADAWCZE]

Do przegladu wilaczano publikacje, ktére obejmowaly podwoéjnie zaslepione
randomizowane badania kliniczne (RCT), kontrolowane badania kliniczne, badania in vitro
oraz posiadaty abstrakt w jezyku angielskim. Odrzucono wszystkie prace, w ktorych nie badano
bezposrednio wiasciwosci drutu ortodontycznego z Gummetalu, przeglady, dyskusje autorskie,
streszczenia, artykuty redakcyjne, opinie oraz opisy przypadkow.

W laboratoryjnych badaniach wtasnych kazdy zamek przyklejono do stalowej plyty, a
do szczeliny zamka wprowadzono badany drut. Nastepnie, na wszystkie skrzydetka zamka
zostala zalozona nowa ligatura elastyczna, a ptytke umocowano w uchwycie przy podstawie
specjalistycznej maszyny pomiarowej sity MultiTest 2.5-1 (Mecmesin Ltd.), ktora przesuwata
drut poprzez szczeling zamka ze stalg predkosciag 10 mm/min. Tarcie dynamiczne powstale
podczas automatycznego przesuwania kazdego drutu mierzono w temperaturze pokojowej
przez 120 sekund (1000 pomiaréw na sekundeg), a nast¢pnie analizowano przy pomocy
specjalistycznego oprogramowania komputerowego. Do kazdego pomiaru wykorzystano nowy
fragment drutu, nowy zamek ortodontyczny oraz nowg ligature elastyczng.

Topografi¢ powierzchni drutéw ortodontycznych zbadano dzigki metodzie mikroskopii
roznicowania ogniskowego przy pomocy specjalistycznego systemu optycznego do pomiaru

3D Infinite Focus G5 plus (Bruker Alicona).



WYNIKI PRZEGLADU SYSTEMATYCZNEGO I PRACY BADAWCZEJ

Do przegladu wyselekcjonowano ostatecznie z bazy Pubmed, Cochrane oraz Google
Scholar 13 publikacji. Co zaskakujace, w pisSmiennictwie znaleziono tylko jedno podwdjnie
za$lepione randomizowane badanie kliniczne (RCT). Pozostate prace byly badaniami drutow
ortodontycznych in vitro.

Na podstawie przegladu krytycznego piSmiennictwa stwierdzono, ze druty
ortodontyczne z Gummetalu posiadaja niska wytrzymalo$¢ na zginanie, niska granice
zmeczenia, bardzo niski modut Younga oraz wysokg sprezysto$¢. Gummetal generuje wigksze
sity od plecionego tuku Supercable, ale mniejsze niz Nitinol 1 stop tytanowomolibdenowy
(TMA). Wspotczynnik tarcia stopu Gummetal jest porownywalny do wspdtczynnika tarcia
stopu niklowotytanowego i chromokobaltowego oraz, wedtug niektorych autoréw, stalowego.

W badaniach laboratoryjnych stwierdzono, ze druty stalowe generowaty sile tarcia
kinetycznego o $redniej wartosci 0.639N, niklowotytanowe 1.143N, chromokobaltowe 1.097N,
tytanowomolibdenowe 1.932N, natomiast druty z Gummetalu 1.198N.

Analiza topograficzna wykazata, ze powierzchnia tukéw z Gummetalu nie odbiega

istotnie od drutéw z pozostatych stopow.

WNIOSKI

Przeglad piSmiennictwa wykazal, Ze informacji opartych na wynikach badan
naukowych na temat drutow ortodontycznych Gummetal jest bardzo niewiele. Ze wzgledu na
nietoksyczny sktad, tuki z Gummetalu moga by¢ stosowane zamiast tukow niklowotytanowych
u pacjentdw z alergig na nikiel w poczatkowej fazie leczenia ortodontycznego. Drut Gummetal
wykazuje jednak mniejsza odpornos¢ na odksztatcenia plastyczne niz druty niklowo-tytanowe,
co stawia pod znakiem zapytania jego superelastycznos¢.

Laboratoryjne badania wtasne wykazaly, ze druty ortodontyczne ze stopu Gummetal
charakteryzuja warto$ci tarcia kinetycznego podobne do drutéw niklowotytanowych oraz
chromokobaltowych, wyzsze od drutow stalowych, oraz nizsze od drutéw
tytanowomolibdenowych. Niski wspotczynnik tarcia stopu Gummetal wydaje si¢ odpowiedni
dla mechaniki §lizgowej podczas przesuwania ortodontycznego zebow przy pomocy aparatow
stalych cienkotukowych. Badanie przy pomocy mikroskopii réznicowania ogniskowego
wszystkich pieciu drutow wykazato natomiast, ze sila tarcia nie jest bezposrednio zwigzana z
topografig powierzchni.

Konieczne sa dalsze badania w celu oceny przydatno$ci Gummetalu w praktyce

kliniczne;.
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7. SUMMARY OF SCIENTIFIC ACHIEVEMENT

INTRODUCTION

Gummetal is a novel alloy, developed in Japan in 2001 at the Metallurgy Research
Section of Toyota Central R&D, Inc. Recently, it has been introduced to orthodontic
multibracket treatment. It consists of titanium, niobium, tantalum, zirconium, and oxygen.
Nickel and chromium-free composition makes Gummetal bioinert. According to the producers,
Gummetal combines extremely low Young’s modulus with very high elasticity and tensile
strength, which is extremely rare. At the same time, Gummetal is easy to bend, exhibits shape
memory and provides low (biological) forces, which are favorable in orthodontic therapy.
Toyota Central R&D states, that Gummetal wire is characterized by a lower friction between
the archwire and metal brackets up to 50% compared with other titanium wires. This statement
is supported by very limited research and is insufficient to provide clinicians valid information
regarding indications to utilize Gummetal archwire in particular phases of orthodontic

treatment.

OBJECTIVES
The aim of the present study was to investigate the advertised properties of Gummetal
orthodontic archwire.
At first, a critical systematic literature review including in vitro and clinical studies was
performed to verify and confirm clinical features and physical properties of Gummetal alloy.
The laboratory part of the study aimed to
1. Determine the frictional properties of Gummetal wire and compare with these of
conventional wires of stainless steel, nickel-titanium, cobalt-chromium and
titanium-molybdenum in vitro.
2. Perform a topographic surface comparison of Gummetal wire with stainless steel,

nickel-titanium, cobalt-chromium and titanium-molybdenum wires.

MATERIAL

A critical literature review was conducted using PubMed, PMC, Google Scholar, Ovid
and Cochrane Library databases. The search was proceeded using the keywords “gummetal
orthodontic wire”.

Material for in vitro study comprised five types of 0.0167x0.022” 10 cm long straight

wires (n=50), including (ten specimens each): stainless steel (Remanium, Dentaurum), cobalt-
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chromium (Elgiloy Blue, RMO), nickel-titanium (Nickel Titanium, G&H), titanium-
molybdenum (BetaForce, Ortho Technology), and Gummetal wires (Gummetal, JM Ortho
Corporation), stainless steel brackets (Discovery, Dentaurum) with declared slot sizes of
0.0187x0.025” (0.018” slot) and Roth prescription for the maxillary right canine (n=50) and
elastic ligatures (Alastik Easy-To-Tie, 3M) (n=50).

METHODS

Articles that included double-blind randomized clinical trials (RCTs), controlled clinical
trials, in vitro studies, and had an abstract in English were included in the review. All papers
that did not directly investigate the properties of Gummetal orthodontic wire, reviews, author
discussions, abstracts, editorials, opinions, and case reports were rejected.

Prior to laboratory tests, each bracket was bonded to a steel plate. Then, each wire was
ligated to the bracket with elastic ligature. Afterwards, each model was mounted in the base
handle of the MultiTest 2.5-1 testing machine (Mecmesin Ltd.) Subsequently, the wire was
pulled through at a crosshead speed of 10 mm/min. The dynamic frictional force was measured
by averaging the friction forces exerted during the 120 seconds long-lasting movement of the
wire. The machine was recording 1000 measurements of friction force per second in dry state
at room temperature. Recorded measurements were then saved on PC employing Emperor
(Mecmesin Ltd.) force testing software. Each of the 50 tests performed comprised a new section
of a wire, new bracket and new elastic ligature.

The surface topography of the orthodontic wires was examined by focus variation
microscopy using a specialized optical system for 3D measurement Infinite Focus G5 plus

(Bruker Alicona).

RESULTS:

Thirteen publications from Pubmed, Cochrane and Google Scholar databases were
finally selected for critical review. Surprisingly, only one double-blind randomized clinical trial
(RCT) was found in the literature. The remaining papers were in vitro studies.

Based on the critical literature review, Gummetal orthodontic wires present low bending
strength, low fatigue limit, very low Young's modulus, and high elasticity. Gummetal generates
higher forces than Supercable archwire, but lower than Nitinol and TMA. The coefficient of
friction of Gummetal alloy is comparable to nickel-titanium and cobalt-chromium and,

according to some authors, stainless steel.
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In laboratory tests, it was found that stainless steel wires generated dynamic frictional
forces with an average value of 0.639N, nickel-titanium 1.143N, cobalt-chromium 1.097N,
titanium-molybdenum 1.932N, and Gummetal 1.198N. Topographical analysis of the archwire
surfaces revealed that Gummetal wire did not significantly differ from the other alloys in

fundamental aspects.

CONCLUSIONS

The literature review revealed that scientific information regarding Gummetal wire is
very limited. Due to its non-toxic composition, Gummetal archwires might be used instead of
nickel-titanium wires in the initial phase of orthodontic treatment in patients with nickel allergy.
However, Gummetal wire provides a lower resistance to plastic deformation than nickel-
titanium wires, which questions its superelasticity.

The Gummetal alloy orthodontic wires tested in the laboratory experiments of the
present thesis showed dynamic friction values similar to nickel-titanium and cobalt-chromium
wires, higher than stainless steel wires, and lower than titanium-molybdenum wires. The low
coefficient of friction of Gummetal alloy seems suitable for sliding mechanics during
orthodontic tooth movement in multibracket treatment. Topographical analysis of all five
orthodontic wires confirmed, that the frictional force is not directly related to the surface, which
will make wear tests in the future independent on topography.

More studies are necessary to assess the usefulness of Gummetal wire in clinical

practice.

13



8. OMOWIENIE PRAC WCHODZACYCH W SKELAD OSIAGNIECIA
NAUKOWEGO

Wprowadzenie

Luki ortodontyczne sg stosowane w leczeniu wad zgryzu aparatami stalymi
cienkotukowymi w celu uzyskania pozadanego ustawienia z¢gbow w trakcie aktywnej fazy
leczenia ortodontycznego. Silty przesuwajace zg¢by powstaja dzigki sprezystosci drutéw
ortodontycznych. W epoce Angle'a i Tweeda (poczatek XX wieku) jedynie tuki ze stopu ztota
1 niklu byly wystarczajaco odporne na korozje¢ oraz na tyle sprezyste, aby mozna je bylo
stosowac w leczeniu ortodontycznym.

Druty ze stali nierdzewnej (SS) sa powszechnie znane ze swojej sztywno$ci oraz
niskiego wspotczynnika tarcia w pordwnaniu z innymi drutami ortodontycznymi [1].
Zastosowanie kombinacji drutow i1 zamkoéw wykonanych ze SS bylo przez lata ztotym
standardem dla ortodontdw podczas leczenia z wykorzystaniem mechaniki §lizgowej. Luki z
SS sa rowniez uznawane za material referencyjny do oceny wtasciwosci mechanicznych nowo
wytwarzanych tukéw ortodontycznych [2,3].

Drut chromokobaltowy (CoCr) pojawit si¢ w latach 60. ubiegtego wieku [4]. Jedng z
jego zalet jest niska twardo$¢. Po wczesniejszym uformowaniu, drut CoCr moze by¢
utwardzony przez podgrzanie, co znacznie zwigksza jego wytrzymatos¢. Przez wiele lat stopy
SS i CoCr byty powszechnie stosowane w leczeniu ortodontycznym.

W latach 70. drut niklowo-tytanowy (NiTi) rozpoczat kolejng er¢ w ortodoncji. Jego
superelastyczno$¢ 1 pamig¢¢ ksztaltu znacznie uproscily poczatkowa faze leczenia
ortodontycznego. Jest on jednak réwniez trudny do doginania, co czyni go nieodpowiednim do
zastosowania podczas srodkowej 1 koncowej fazy leczenia ortodontycznego [5]. Ponadto, stop
NiTi zawiera okoto 50% niklu, ktory moze prowokowac organizm do wytwarzania przeciwciat
w reakcji alergicznej [6].

Stopy beta-tytanu (B-Ti) sa bardzo wazng grupg stopéw bezniklowych i
bezchromowych, ktore znalazly szerokie zastosowanie we wspotczesne] medycynie.
Latwiejsze do doginania niz NiTi, tuki tytanowo-molibdenowe (TiMo) wyprodukowano w
latach 80. XX wieku. L.aczg one w sobie wysoka wytrzymatos¢ 1 sprezystos¢, co sprawia, ze sg
odpowiednie do koncowej fazy leczenia ortodontycznego (szczeg6lnie druty o przekroju
prostokatnym). Lukom TiMo brakuje jednak sztywnosci i formowalno$ci CoCr oraz nie nadaja
si¢ do zadan wymagajacych bardzo duzej elastycznosci drutu ortodontycznego [7]. Kolejng

wadg drutow TiMo sg sily tarcia o wysokich warto$ciach, ktore powstaja pomiedzy zamkiem 1

14



tukiem ortodontycznym [8]. Postep w produkcji nowych drutéw B-Ti oraz innych stopow tytanu
gwaltownie przyspieszyl w ostatnim czasie, czeSciowo ze wzgledu na ich wysoka
biokompatybilnos$¢ [7].

Poszukiwania idealnego drutu ortodontycznego trwaja do dzis. Metale 1 stopy
przeznaczone do zastosowan biomedycznych wymagaja specyficznych wlasciwosci, takich jak
wyjatkowa biokompatybilno$¢, brak toksycznosci oraz wysoka odpornos¢ na korozje [9].
Doskonaty tuk ortodontyczny powinien mie¢ estetyczny wyglad, by¢ sprezysty, tatwy do
formowania 1 zginania, a takze charakteryzowac si¢ wysokg wytrzymato$cig na rozcigganie
oraz pamigcig ksztattu. Ponadto powinien zapewnia¢ niski wspdtczynnik tarcia, umozliwiajac
efektywne przesuwanie zebdw przy zastosowaniu niskich (biologicznych) sit.

Gummetal jest nowatorskim, wielofunkcyjnym stopem B-Ti opracowanym w Japonii w
2001 roku w Sekcji Badan Metalurgicznych firmy Toyota Central R&D, Inc. Sktada si¢ z
tytanu, niobu, tantalu, cyrkonu i tlenu. Sktad chemiczny Gummetalu (Ti-23Nb-0.7Ta-2Zr-
1.20) zostat oparty na atomowe;j teorii walencyjnej [10]. Stop ten jest intensywnie obrabiany
na zimno w celu uzyskania jego wyjatkowych wlasciwosci. Cechy Gummetalu wynikaja z
zestawienia trzech magicznych liczb elektronowych: S$redniej kompozycyjnej liczby
elektronow walencyjnych wynoszacej 4,24 elektronow walencyjnych na atom, rzgdowosci
wigzan (BO) wynoszacej 2,87 oraz warto$ci Md wynoszacej 2,45 eV (elektronowo-orbitalny
poziom energetyczny "d"). Wedlug producentéw, ten nietoksyczny stop taczy w sobie nie tylko
wysoka wytrzymatos¢, ale rowniez bardzo duza sprezystos¢ dzieki wyjatkowo niskiej wartosci
modutu Younga. Niezwykle rzadkie jest posiadanie przez stop metali obu tych wlasciwosci
jednoczesnie. Dodatkowo w Gummetalu, jak podaja producenci, odksztalcenie plastyczne
(ruch dyslokacyjny krysztatu) jest catkowicie kontrolowane, co czyni go unikalnym [11].

Wedlug Hasegawy [12], Gummetal wydaje si¢ by¢ niemal idealnym materiatem na tuk
ortodontyczny. Zaktada si¢, ze stop TiNbTaZrO moze wytwarza¢ niewielkie sity juz na
wczesnym etapie leczenia sttoczen. Poniewaz wlasciwosci Gummetalu przecza prawu Hooke'a
(zalezno$ci odksztatcenia od napr¢zenia), moze on wytwarza¢ niskie biologiczne sity nawet
przy duzych przemieszczeniach zebow.

Celem niniejszej pracy bylo zweryfikowanie 1 potwierdzenie reklamowanych
wlasciwosci tego nowego tuku ortodontycznego, takich jak: ekstremalnie niski modut
sprezystosci, wysoka wytrzymatos¢ na rozciaganie, wysoka sprezysto$¢, biokompatybilnos¢,
pamig¢ ksztattu, niski wspdtczynnik tarcia, niska wytrzymato$¢ na zginanie i niska granica

zmegczenia.
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Publikacja 1.

Wiasciwosci kliniczne i fizyczne drutu ortodontycznego Gummetal w porownaniu
z innymi lukami ortodontycznymi — przeglad krytyczny. Schmeidl, K.; Janiszewska-
Olszowska, J.; Grocholewicz, K. Clinical Features and Physical Properties of Gummetal

Orthodontic Wire in Comparison with Dissimilar Archwires: A Critical Review. BioMed Res.

Int. 2021, 2021, 6611979.

Celem krytycznego przegladu pismiennictwa byto znalezienie dowodéw naukowych
opisujacych mechaniczne i kliniczne cechy tukéw ortodontycznych z Gummetalu. Przeglad
pisSmiennictwa przeprowadzono w lutym 2020 roku z uzyciem stow kluczowych: "gummetal
orthodontic wire" w elektronicznych bazach danych: PubMed, PMC, Google Scholar, Ovid
oraz Cochrane Library. Wyselekcjonowano prace badajace bezposrednio wiasciwosci drutu
ortodontycznego Gummetal.

Wszystkie wyszukane abstrakty 322 prac zostaly przeczytane w celu wylonienia badan
kwalifikujacych si¢ do przegladu. Nastgpnie uzyskano peitne teksty prac. Nie stosowano
ograniczen dotyczacych daty publikacji oraz jezyka, jesli przynajmniej abstrakty artykutow lub
streszczenia rozpraw doktorskich byly w jezyku angielskim. Kryteria wiaczenia do przegladu
obejmowaty (1) randomizowane podwdjnie zaslepione badania kliniczne (RCT), (2)
kontrolowane badania kliniczne oraz (3) badania in vitro. Odrzucono: (1) prace nie badajace
bezposrednio wlasciwosci drutu ortodontycznego Gummetal, (2) przeglady pis$miennictwa, (3)
dyskusje autorskie, (4) streszczenia, (5) artykuty redakcyjne, (6) opinie 1 (7) opisy przypadkow.
Nastepnie poddano analizie petlne teksty wszystkich wyselekcjonowanych prac.

Do przegladu krytycznego ostatecznie zakwalifikowano trzynascie publikacji. Badania
opisane w powyzszych artykutach obejmowaly nastepujace aspekty zwigzane ze stosowaniem
Gummetalu: mikrostruktura i wiasciwosci mechaniczne [13], ocena zastosowania Gummetalu
do wstepnego szeregowania zebow [14], badanie powstajacych sit [15], wlasciwosci zginania
[16], ocena zmeczenia materiatu [17], wspotczynnik tarcia [18,19], moment obrotowy [20],
powstajace in vitro rozktady naprezen 1 odksztatcen [21-24] oraz wtasciwosci kalorymetryczne
1 termomechaniczne [25].

Wyniki tego przegladu wskazuja na duze zroznicowanie analizowanych badan. W
pismiennictwie odnaleziono tylko jedng prace opisujaca badania kliniczne. W publikacjach
prezentowano wyniki badan r6znych wtasciwo$ci Gummetalu uzyskanych r6znymi metodami.
Potwierdzono niskg wytrzymato$¢ Gummetalu na zginanie [16,17], niskg granice zmegczenia

[17] oraz wysoka sprezystos¢ [17]. Gummetal generuje mniejsze sity niz Nitinol 1 TMA, ale

16



wicksze niz tuk pleciony Supercable [15]. Stwierdzone odksztatcenie plastyczne Gummetalu
w fazie szeregowania zgbodw kwestionuje jego superelastycznos¢ oraz pamig¢ ksztattu [15,16].
Wspotczynnik tarcia drutu Gummetal jest poréwnywalny do drutow CoCr i NiTi [18,19]. Ze
wzgledu na nietoksyczny sktad chemiczny, Gummetal moze by¢ przydatny w poczatkowe]
fazie leczenia ortodontycznego u pacjentow z alergig na nikiel i/lub chrom [14]. Konieczne sg

dalsze badania w celu oceny przydatno$ci Gummetalu w praktyce kliniczne;.

Whnioski:

1. Luk ortodontyczny z Gummetalu moze by¢ przydatny w poczatkowej fazie leczenia
ortodontycznego alternatywnie do drutow NiTi. Wykazuje on jednak pewne odksztalcenia

plastyczne, co stawia pod znakiem zapytania jego superelastycznosc.

2. Gummetal moze by¢ bezpiecznie stosowany u pacjentdw z alergig na chrom i/lub

nikiel; wszystkie pierwiastki atomowe tego stopu sg nietoksyczne i biokompatybilne.

3. Drut z Gummetalu posiada niskg wytrzymato$¢ na zginanie, niskg granicg zmgczenia
1 wysoka sprezystos¢. Wykazuje podobne ryzyko pekniecia do innych drutow B-Ti (TMA,

Resolve).

4. Utrata przytozonej sity spowodowana tarciem drutu Gummetal jest poréwnywalna z

drutami NiTi, CoCr, a takze, wg niektorych autorow, SS.

5. Druty TiNbTaZrO moga wykazywa¢ odpowiedni moment obrotowy i niskie wartosci
naprezenia, gdy sg stosowane w potaczeniu z aparatami Edgewise w technice Gummetal

Edgewise Archwire (GEAW).

6. Luki ortodontyczne z Gummetalu wykazuja bardzo niska warto§¢ modutu Younga,
stalg przy zmianach temperatury przy jednoczes$nie wysokiej wytrzymalo$ci na rozcigganie. Te
cechy zapewniaja generowanie mniejszych sit od Nitinolu i TMA, ale wigkszych od tuku

Supercable.
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Publikacja 2.

Badanie tarcia nowego drutu ortodontycznego ze stopu TiNbTaZrO —
porownanie in vitro z innymi lukami ortodontycznymi. Schmeidl, K.; Wieczorowski, M.;
Grocholewicz, K.; Mendak, M.; Janiszewska-Olszowska, J. Frictional Properties of the
TiNbTaZrO Orthodontic Wire—A Laboratory Comparison to Popular Archwires. Materials
2021, 74, 6233.

Tarcie jest sila, ktora przeciwstawia si¢ ruchowi dowolnych powierzchni stykajacych
si¢ ze sobg [26]. Sita tarcia w ortodoncji wystepuje w wielu punktach kontaktu na granicy
zamek - tuk ortodontyczny podczas leczenia wad zgryzu aparatami statymi cienkolukowymi.
Zamki przyklejone do roéznych powierzchni zgbow przy pomocy lukéw ortodontycznych
przenosza na nie sily [27]. Na ruch z¢gbow wplywa tarcie statyczne i dynamiczne [28].
Przesuwanie zebow w jamie ustnej podczas leczenia ortodontycznego odbywa si¢ z niewielka
predkoscig. Czynnikami majacymi wplyw na tarcie wystepujace pomiedzy elementami
aparatow statych cienkolukowych sa: rodzaj drutu ortodontycznego, rodzaj zamka, sposéb
ligaturowania oraz czynniki biologiczne [29,30].

Do produkcji drutow ortodontycznych stosowanych w aktywnej fazie leczenia
ortodontycznego wykorzystuje si¢ rdézne stopy. Praktykujacy lekarze powinni znad
wspotczynniki tarcia cechujace poszczegélne tuki ortodontyczne, szczegodlnie te stosowane
podczas przesuwania zgbodw en masse oraz retrakcji ktow. Stosujac mechanike $lizgowa,
generuje si¢ pomiedzy drutem, zamkiem i ligaturg sity tarcia, ktore utrudniajg ruch zeba w fazie
retrakcji 1 przenosza jednoczes$nie sity na zeby boczne. Sity te wpltywaja negatywnie na
wymagane zakotwienie oraz moga prowadzi¢ do utraty zakotwienia [31]. W zwiazku z
powyzszym, idealny drut ortodontyczny powinien charakteryzowa¢ si¢ niskim
wspolczynnikiem tarcia, umozliwiajagc tym samym efektywne 1 swobodne przemieszczanie
zebow.

We wczesniejszych badaniach tarcia drutow ortodontycznych w zamkach metalowych
najwyzsze wartosci tarcia generowaly druty TiMo, natomiast nizsze sily generowaty kolejno
druty NiTi 1 SS [32]. W innych badaniach rowniez stwierdzono, ze najmniejsze tarcie
wytwarzaly druty SS , natomiast wyzsze - kolejno druty CoCr, NiTi 1 TiMo [33].

Przegladajac  piSmiennictwo, znaleziono jedynie jeden recenzowany artykul
poréwnujacy sity tarcia drutoéw ortodontycznych ze stopu TiNbTaZrO, NiTi oraz TiMo [18].
Nie odnaleziono zadnych opublikowanych badan poréwnujacych tarcie Gummetalu z innymi

konwencjonalnie stosowanymi drutami niebedgcymi stopami tytanu.
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Celem niniejszej pracy byto okreslenie kinetycznych sit tarcia drutu Gummetal oraz
porownanie ich z warto$ciami sily tarcia innych lepiej poznanych stopéw stosowanych w
produkcji tukow ortodontycznych. Ponadto, autorzy postanowili poréwnac topografi¢
powierzchni drutu z Gummetalu ze stopami SS, CoCr, NiTi oraz TiMo, z uzyciem metody
mikroskopii réznicowania ogniskowego.

W badaniach tarcia wykorzystano 50 zamkéw SS (Discovery, Dentaurum) o
deklarowanych rozmiarach slotu 0,0187x0,025" (slot 0,018") i preskrypcji wg Rotha dla
prawego kta gornego. Zbadano pi¢¢ rodzajow drutdw prostych o przekroju 0,0167x0,022" i
dhugosci 10 cm (n=50), w tym (po dziesi¢¢ egzemplarzy): druty SS (Remanium, Dentaurum),
CoCr (Elgiloy Blue, RMO), NiTi (Nickel Titanium, G&H), TiMo (BetaForce, Ortho
Technology) oraz druty TiNbTaZrO (Gummetal, JM Ortho Corporation), ktére przymocowano
do zamkow za pomoca ligatur elastycznych (Alastik Easy-To-Tie, 3M).

Kazdy z zamkow zostat przyklejony do stalowej ptyty S235JR o grubosci 1,4 mm,
szeroko$ci 50 mm i dtugosci 115 mm za pomoca kleju cyjanoakrylowego (Kemsin KC-1200,
Chemkon). Wszystkie procedury klejenia zamkdéw, w celu standaryzacji, wykonat jeden
operator. Badania przeprowadzono w temperaturze pokojowej. Kazdy z drutéw zostat
przymocowany do zamka za pomocg ligatury elastycznej tak, aby dolny, krotszy koniec drutu,
pozostat wolny.

Nastepnie kazdy model zamocowano w uchwycie przy podstawie urzadzenia MultiTest
2.5-1 (Mecmesin Ltd.) z duzg doktadnoscia. Ptytke stalowg umieszczono w uchwycie maszyny,
a nastgpnie zamocowano ja w taki sposob, aby prosty drut byt ustawiony prostopadle do
podstawy maszyny oraz jednoczes$nie réwnolegle do szczeliny zamka.

Nastepnie odcinek 10 mm goérnego konca drutu mocowano w specjalnej glowicy
maszyny z czujnikiem sity do 10 N i1 doktadnoscig +0,1%. Kazdy drut przesuwano z predkoscia
10 mm/min na odcinku 20 mm; w tym czasie maszyna rejestrowata 1000 pomiaréw sity tarcia
na sekunde. Tarcie kinetyczne mierzono poprzez usrednienie warto$ci sit tarcia powstajacych
podczas 120-sekundowego ruchu drutu wzgledem zamka. Zarejestrowane pomiary
dynamicznych sit tarcia dla kazdej z 50 kombinacji drut-ligatura-zamek zostaly zapisane w
komputerze ze specjalistycznym oprogramowaniem Emperor (Mecmesin Ltd.) do
rejestrowania badanych sit.

Analize statystyczng przeprowadzono przy uzyciu programow IDE w wersji 1.4.1106
(RStudio) oraz R w wersji 4.0.4 (R Core Team). Do wstgpnego oszacowania wielko$ci proby
autorzy wykorzystali obliczenia mocy dla ogdélnych modeli liniowych. Przyjmujac stopnie

swobody dlau =4 (dla 5 grup), wielkos¢ efektu £2 = 0,4 (uzyto $redniej wartosci dla testowania
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priorytetowego), poziom istotnosci 5% oraz wysokg wartos¢ mocy = 0,75, catkowita liczba
probek w niniejszym eksperymencie powinna wynosi¢ co najmniej 48, a wiec liczba 50 probek
(10 préb na grupe) spetniata powyzsze warunki [34,35].

Siedem z dziesigciu porownywanych par grup wykazato roznice istotne statystycznie.
Srednie dla grup Remanium i BetaForce roznily sie istotne statystycznie zardéwno migdzy soba,
jak 1 miedzy wszystkimi pozostatymi grupami. Nie stwierdzono, natomiast istotnych
statystycznie roznic pomigdzy pordwnywanymi $rednimi warto$ciami sit dla par NiTi-
Gummetal, Gummetal-CoCr oraz NiTi-CoCr. Sposrod badanych prob, najnizsze wartosci tarcia
kinetycznego wykazat drut Remanium, najwyzsze - BetaForce, $rednie sity wykazaty natomiast
CoCr, NiTi i Gummetal.

Do badan topografii powierzchni drutow ortodontycznych wykorzystano
specjalistyczne urzadzenie do pomiaréw optycznych 3D Infinite Focus G5 plus (Bruker
Alicona). Stwierdzono, ze druty stalowe generowaly sile¢ tarcia kinetycznego o S$redniej
warto$ci 0.639N, niklowotytanowe 1.143N, chromokobaltowe 1.097N, tytanowomolibdenowe
1.932N, natomiast druty z Gummetalu 1.198N.

Analiza topograficzna wykazata, ze powierzchnia tuku z Gummetalu zasadniczo nie

roznita si¢ od powierzchni pozostatych stopow.

Whnioski:

1. Druty ze stopu Gummetal generujg tarcie podobne jak druty CoCr 1 NiTi. Wartos$ci
sil tarcia wytwarzanego przez stop Gummetal sg nizsze od tarcia drutéw TiMo, natomiast

wyzsze od drutu ze stopu SS.

2. Powierzchnia tuku z Gummetalu nie r6zni si¢ istotnie od powierzchni innych

badanych tukow.
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Podsumowanie

Stopy B-Ti maja istotne i szerokie zastosowanie w technologii i medycynie, m.in. w
lotnictwie, budowie silnikow oraz produkcji implantéw ortopedycznych i1 ortodontycznych,

dzigki swoim wyjatkowym wlasciwosciom i tatwosci wytwarzania [36].

Poszukiwania idealnego drutu ortodontycznego z pewnoscig nie dobiegly konca [40].
Stosowanie materialow ortodontycznych jest zawsze obarczone niebezpieczenstwem
wystapienia niepozadanych reakcji alergicznych wynikajacych z korozji, korozji galwanicznej
1 uwalniania jonoéw metali z roznych stopoéw [37]. Gummetal charakteryzuje typowa dla stopow
B-Ti doskonata odpornos¢ na korozje, nietoksycznos¢ i biokompatybilnos¢ dzieki sktadowi

chemicznemu pozbawionemu niklu i chromu [10,36].

Dla bezpiecznego przemieszczania zgbow podczas leczenia wad zgryzu pozadane i
optymalne sg niewielkie sity biologiczne [38]. Wydaje si¢, ze dzieki cechom takim jak: fatwos¢
wykonywania dogi¢¢, odpowiedni moment obrotowy, generowanie niskich sit, wysoka
sprezysto$¢ 1 odporno$¢ na rozcigganie, druty z Gummetalu mogg zastapi¢ tuki NiTi, SS, CoCr
1 TiMo w wybranych sytuacjach klinicznych na réznych etapach leczenia ortodontycznego, a
szczegOlnie: w fazie koncowej — do wykonywania dogie¢ oraz w fazie poczatkowej — u
pacjentow z alergig na nikiel [25]. Drut z Gummetalu moze by¢ takze z korzyscig stosowany
wtedy, gdy tuk leczniczy dogina si¢ od poczatku leczenia ortodontycznego. Nalezy jednak
podkresli¢, ze drut z Gummetalu jest podatny na odksztalcenia plastyczne. Nie jest zatem
tukiem leczniczym z wyboru w poczatkowych etapach leczenia, gdy zgby nie sg jeszcze
uszeregowane; u pacjentow bez alergii na nikiel korzystniejsze wydaje si¢ tu stosowanie mnie;j

wrazliwych na trwate odksztalcenia i tanszych tukéw NiTi [15].

Istotne wyzwanie kliniczne stanowi w leczeniu ortodontycznym aparatami statymi
cienkotukowymi tarcie. Zastosowanie materialdw zapewniajacych nizsze wartosci sit tarcia
zmniejsza utrate sit generowanych podczas przesuwania z¢gboéw wzdtuz tuku ortodontycznego
oraz ogranicza utrat¢ zakotwienia [39]. W badaniach wtasnych wykazano, ze warto$ci sit tarcia
wytwarzanego przez stop Gummetal sa nizsze od tarcia drutéw TiMo, natomiast wyzsze od
drutu ze stopu SS. Wyniki te sg spdjne z uzyskanymi w pracy Takady 1 wsp. [18], ktorzy
stwierdzili, ze TiMo wykazuje statystycznie wyzsze wartosci tarcia niz Gummetal, a tuki NiTi
wykazujg poréwnywalne tarcie do stopu TiNbTaZrO. Badania wlasne wykazaty takze, ze
wielko$¢ sily tarcia nie zalezy bezposrednio od wlasciwosci powierzchni badanego tuku

ortodontycznego.
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Na koniec nalezatoby doda¢, ze wtasciwosci stopdw roznig si¢ zaleznie od ich sktadu,
ale takze sposobu obrobki. Istniejg takze inne stopy TiMo i TiNbTaZrO, pochodzace od
r6znych producentdéw, posiadajace rozne wiasciwosci mechaniczne [16]. Jesli stopy tego typu
zyskaja wigkszg popularno$¢ i znajda szersze zastosowanie w ortodoncji, zasadne bedzie
badanie specyficznych wiasciwosci poszczegolnych stopow B-Ti, co umozliwi ich optymalne
stosowanie w praktyce klinicznej. Istnieje wiele réznych metod i testow, ktére mozna
przeprowadzi¢ w celu poréwnania wlasciwosci nowych i starszych drutow ortodontycznych

[41-45].

Zaskakujace jest, ze od 2003 roku, kiedy pojawily si¢ pierwsze doniesienia na temat
ogromnego potencjalu stopu Gummetal, do chwili obecnej, w dostepnym pismiennictwie
istnieje tylko jedno randomizowane podwdjnie zaslepione badanie porownujace efekty leczenia
ortodontycznego Gummetalem z NiTi [14]. Dalsze kierunki badan nad stopem Gummetal
powinny zatem obejmowa¢ randomizowane podwojnie zaslepione badania kliniczne oraz
analizy laboratoryjne, migdzy innymi: potencjodynamiczne, podatno$ci na korozje, sztywnosci,
elastycznosci, sprezystosci, plastycznosci, testy wytrzymalo$ciowe i zuzycia, porownujace
rozne wihasciwosci Gummetalu z innymi materialami w celu okreslenia optymalnego

zastosowania tego stopu w leczeniu ortodontycznym.
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Objective. Gummetal is a novel multifunctional alloy which possesses distinctive properties with the potential to refine and amend
the efficacy of orthodontic treatment. The objective of this critical literature review was to investigate scientific evidence concerning
the mechanical and clinical features of this recently manufactured beta-titanium orthodontic wire. Materials and Methods.
Electronic databases: PubMed, PMC, Google Scholar, Ovid, and Cochrane Library were searched. Studies investigating the
properties of Gummetal orthodontic wire including in vitro and clinical studies were selected, validity was assessed, and data
was extracted. The risk of bias was assessed by the Cochrane risk of bias Tool 2.0 in a randomized clinical trial. Results and
Discussion. Among 322 papers, 13 papers were selected and divided into two groups: prospective double-blinded randomized
clinical trial and in vitro studies. Conclusions. The results of this review should be interpreted with caution because of the
heterogeneity of the studies. Only single clinical trial paper was found in the literature. The studies reported different
characteristics obtained by various methods; thus, it was difficult to objectively compare the results. Low bending strength, low
fatigue limit, and high resilience have been confirmed. Gummetal provides lower force than Nitinol and TMA but higher than
Supercable wire. Plastic deformation of Gummetal questions its superelasticity. Friction of Gummetal wire is comparable to SS
and CoCr wires. Because of its nontoxic chemical composition, Gummetal might be useful in the initial phase of orthodontic
treatment for patients suffering from nickel allergy. Further studies are necessary to assess the usefulness of Gummetal in the
clinical practice.

1. Background

Orthodontists use archwires in multibracket appliances in
order to achieve a 3D control of tooth movement in the active
phase of orthodontic treatment. The force moving the teeth is
provided by the elasticity of orthodontic wire. In the Angle
and Tweed era, only gold-nickel alloy wire resisted corrosion
and was elastic enough to make it available for orthodontic
treatment. In 1933, in the United States, Rocky Mountain
Orthodontics started producing cobalt-chromium (CoCr)
(Elgiloy). It had similar strength and Young Modulus as
gold-nickel wire but was much cheaper and quickly became
the material of choice. For years, CoCr and stainless steel
(SS) wires have been a standard in orthodontic treatment [1].

In the 1970s, nickel-titanium (NiTi) wire started the next
era in orthodontics. Its superelasticity and shape memory
simplified the initial phase of orthodontic treatment. How-
ever, it is also almost impossible to bend which makes it inad-
equate for the middle and final phases of orthodontic
treatment [2]. In addition, NiTi alloy contains 50% of nickel,
which may provoke the body to produce antibodies in aller-
gic reaction [3]. Elimination of heavy metals from orthodon-
tic wires was desired.

Beta-titanium (-Ti) alloys are the next and a very
important class of nickel and chromium-free alloys that have
found use in demanding medical applications such as ortho-
dontic and orthopedic implants and orthodontic wires. For
orthodontic use, bendable titanium-molybdenum (TiMo)
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wires were fabricated with similar properties to CoCr and
NiTi alloys [4]. 3-Ti wires are suitable to replace CoCr and
SS wires, but, unfortunately, they are not good for applica-
tions in which NiTi alloys flexibility is required.

The search for an ideal orthodontic wire has not come to
an end yet. Metals and alloys designed for biomedical appli-
cations require specific properties, such as an exceptional
biocompatibility, lack of toxicity, and good corrosion resis-
tance [5]. The perfect orthodontic archwire should be aes-
thetic, very elastic, formable, and easy to bend with high
tensile strength as well. Moreover, it should provide low coef-
ficient of friction moving the teeth efficiently and be able to
control the orthodontic force freely.

Gummetal is a novel multifunctional 3-Ti alloy developed
in Japan in 2001 at the Metallurgy Research Section of Toyota
Central R&D, Inc. It consists of titanium, niobium, tantalum,
zirconium, and oxygen. Gummetal’s chemical composition
(Ti-23Nb-0.7Ta-2Zr-1.20) was based on its atomic valence
theory [6]. This alloy is intensively cold-worked to produce
its important characteristics. Gummetal properties arise from
the juxtaposition of three electronic magical numbers: a com-
positional average valence electron number of 4.24 valence
electrons per atom, bond order (BO-value) of 2.87, and Md
value of 2.45eV (“d” electron-orbital energy level). According
to the producers, this nontoxic alloy combines not only high
strength but also very high elasticity due to the extremely
low value of Young’s modulus, which is exceptionally rare
for a metal alloy to possess both of these properties at the same
time. In this novel alloy, as stated by the manufacturers, plastic
deformation (the dislocation motion of the crystal) is con-
trolled completely which makes it unique [7].

As claimed by Hasegawa [8], Gummetal appears to be
almost ideal material for orthodontic archwire. It is assumed
to produce a small continuous force from an early stage of
crowding treatment. Because Gummetal does not follow
Hooke’s law, it could lessen the orthodontic force even with
large teeth displacement.

The aim of the present study was to verify and confirm
the advertised properties of this novel B-Ti archwire as
extremely low elastic modulus, super high tensile strength,
high flexibility, nontoxicity, dislocation-free plastic deforma-
tion mechanism, low coefficient of friction, low bending
strength, and low fatigue limit.

2. Materials and Methods

Literature search was proceeded in February 2020 using the
keywords: “gummetal orthodontic wire” in the following
databases:

(i) PubMed
(ii) PMC
(iii) Google Scholar
(iv) Ovid
(v) Cochrane Library
The PRISMA flow diagram is presented in Figure 1.
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All titles and abstracts were read by the first and verified
by the second author to retrieve eligible studies. Then, full
texts of papers included were obtained. No date or language
limits were applied if at least article’s abstracts were in
English. The inclusion criteria comprised (1) double-
blinded randomized clinical trials (RCT), (2) controlled clin-
ical trials, and (3) in vitro studies. The exclusion criteria were
(1) papers not investigating directly the properties of Gum-
metal orthodontic wire, (2) reviews, (3) authors’ debates,
(4) abstracts, (5) editorials, (6) opinions, and (7) case reports.
All full texts of papers included were retrieved and analyzed.
Hand search was proceeded in reference lists of the studies
included. The authors used Cochrane risk of bias (RoB) Tool
2.0 to assess the RoB of the selected RCT [9].

3. Results

Initially, fifteen papers proved eligible for a critical review.
However, two of them had to be excluded because of the
duplication of the findings described. Two studies (one arti-
cle and one dissertation) covered the same double-blind
RCT and were cowritten by the same first author. Another
group of authors published the same findings twice: in Japa-
nese (2013) and in English (2015). Surprisingly, there was
only one RCT paper found in the literature (Table 1).

All the latter were in vitro studies (Table 2).

In included RCT study, the authors had some concerns
regarding the bias due to deviations from intended interven-
tion. The clinicians were aware of participants’ assigned
group during the trial. However, the patients were not most
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TaBLE 1: In vivo study.

Authors, year

(language) Study group Outcome measured Comparison Main findings

Nordstrom Crowding reduction during Fourteen 0.016" NiTi ~ Both wires reduced Little’s Irregularity Index
et al. [10], 28 patients; initial orthodontic alignment in  archwires and fourteen (no significant difference between the wires
2018 age: 12-20 adolescents over time of 2 0.016" Gummetal tested), statistically insignificant increase in
(English) months (experimental) the transverse dimensions

likely conscious of archwire used and that presumably have
not affected the outcome of the intervention. Two domains
were judged to present high RoB. The overall RoB of this
study was evaluated high which corresponds to the worst risk
of bias in any of the domains (Figure 2) [9].

3.1. Microstructure and Mechanical Properties. The micro-
structure and mechanical properties of cold-drawn and
annealed TNTZO (Ti-Nb-Ta-Zr-O, Gummetal) wires (pre-
pared by powder metallurgy) with 0.3 mm diameter were
analyzed by Zhang et al. [11]. The microstructure of cold
drawn TNTZO consisted of nanometer-sized elongated
drains “marble-like” in cross-section with 70 nm width. After
700°C 5min annealing, the grain size increased to approxi-
mately 5 ym. The cold-drawn wires exhibited better mechan-
ical properties, higher tensile strength (around 1000 MPa)
and similar Young’s Modulus (69 MPa) compared to
annealed wires. In addition, TNTZO wire presented higher
creep resistance and lower stress exponent compared to tita-
nium (Ti) and TC4 wires of the same diameter.

3.2. Initial Teeth Alignment and Force System Evaluation.
The clinical efficiency of 0.016” Gummetal and 0.016" NiTi
orthodontic wires during teeth alignment in the first two
months of treatment was compared by Nordstrom et al.
[10] in a prospective, double-blind randomized clinical trial.
Twenty-eight patients were divided into two equal groups.
During the treatment, digital scans were performed and then
used to assess changes in Little’s Irregularity Index and the
alteration in intercanine and intermolar widths. With Gum-
metal wire, there was 27% crowding reduction during the
first month, and an additional 25% decrease in crowding
was observed in the following month. There was no signifi-
cant difference observed in the decrease in irregularity
between the two groups over time. Moreover, there was no
significant difference between the groups concerning the
changes in intercanine and intermolar width.

The investigation of the initial force systems of Gumme-
tal and its comparison to the Supercable, Nitinol and TMA
archwires proved that Gummetal provided slightly lower
(10% lower) force systems than Nitinol and higher than
Supercable, which was the only archwire that has not
exceeded the recommended values [12]. TMA delivered the
highest force value. Moreover, the author noticed a plastic
deformation after removing the archwires from the brackets
in 7% of Nitinol wires, 60% of Gummetal wires, and 83% of
TMA wires.

3.3. Bending Properties, Fatigue Evaluation. Thirteen differ-
ent 0.016" x 0.022" B-Ti archwires (including Gummetal),

SS, and NiTi wires were tested by Suzuki et al. [13] for stiff-
ness, active deflection range, load at 3mm displacement,
and apparent plastic deformation. Among the wires tested,
Gummetal presented the lowest stiffness (below 3 N/mm),
second highest active deflection range after NiTi (approxi-
mately 1.75 mm), second lowest load at 3 mm deflection after
NiTi (approximately 6 N), and apparent plastic deformation.

High-cycle fatigue behavior in three S-Ti wires (TMA
0.016" x 0.022", Resolve 0.016” x0.022" and Gummetal

0.017" x 0.022") was analyzed by Murakami et al. [14] using
static bending test and bending fatigue test. Among all wires
studied, Gummetal exhibited the lowest elastic modulus,
fatigue limit, and bending strength. It also performed the
highest resilience. However, there was no difference observed
in the number of cycles to failure among these three arch-
wires. TMA, Gummetal, and Resolve presented similar risk
of the archwire fracture.

3.4. Frictional Force (FF). The frictional forces (FFs) of
titanium-niobium (TiNb, Gummetal), NiTi, and TiMo arch-
wires in sizes 0.016", 0.016" x 0.022", and 0.017" x 0.025"
(in 0.018"-slot bracket) and 0.018", 0.017" x 0.025", and
0.019” x 0.025"” (in 0.022" -slot bracket) ligated with elastic
modules at three different wire-bracket angles were com-
pared by Takada et al. [15]. It has been revealed that the
FFs increased gradually with the angle and size of the wire
in both types of brackets. Moreover, Gummetal and NiTi
archwires exerted comparable FFs, and those of TiMo pre-
sented the greatest FFs. In this study, all three alloys gener-
ated greater FFs in the 0.018"-slot bracket than in the
0.022"-slot bracket. Scanning microscope images revealed
that the surface of TiMo was much rougher with abundant
scratches visible than that of the NiTi and TiNb wires.

The amount of dynamic friction in dry state at room tem-
perature was measured by Kopsahilis [16] in 660 in vitro tests
with 132 different wire-bracket combinations. The loss of
applied force due to friction of Gummetal was comparable
to well-known archwires as CoCr and SS. No influence of
the slot size on friction using different dimensions of Gum-
metal was found in nine out of twelve results.

3.5. Torque Moment. The torque moment provided by Gum-
metal wire was measured and compared with NiTi and TiMo
archwires by Kuroda et al. [17]. Two sizes of TiNb, NiTi, and
TiMb and 0.022"-slot SS brackets were ligated with elastic
modules and ligature wires. The torque moment delivered
by the bracket-wire combination was measured by means
of a torque gauge at the temperature of 37°C and 50% humid-
ity. The study revealed an increase of the torque moment
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with increasing torque applied and wire size. The torque
moment with elastic ligatures was significantly smaller than
that with wire ligatures. With more than 20° torque applied,
the torque moment of NiTi and TiMo wires was larger than
that of Gummetal wire.

3.6. Distribution of Stress and Strain. The evaluation of ten-
sion distribution in two different orthodontic mechanical
approaches to treat anterior open bite was the aim of the
study of Meros et al. [18]. In the in vitro experimental study,
the mandibular anterior teeth underwent orthodontic forces
provided by Blue Elgiloy 0.016" x 0.022" in multiloop edge-
wise archwire (MEAW) and Gummetal 0.018” x 0.022" in
Gummetal edgewise archwire (GEAW) techniques with and
without anterior elastic bands placed between upper lateral
incisors and lower canines. The GEAW technique with inter-
maxillary elastics generated the lowest mean tension values
significantly different (P <0.05) from the other groups.
GEAW provided lower and more favorable tension levels
than MEAW technique with Blue Elgiloy.

The distribution of stresses and deformations in the wire,
the bracket, and the dentoalveolar unit with and without class
III intermaxillary elastics applied, using Blue Elgiloy archwire
with multiloops and Gummetal archwire by finite element
analysis, was compared by Jacome et al. [19]. The distributed
tension maintained its maximum values at the level of the
crest, decreasing towards the mandibular symphysis and
towards distal parts of the mandible; trend was shown when
using both archwires. The stress and strain distributions for
Gummetal and Blue Elgiloy wires were consistent with the
distal “en bloc” movement in the teeth and cortical bone.
The Blue Elgiloy with multiloops showed higher stress values
compared to the Gummetal, when no elastic load was used.

The distribution of stress and strain in the dentoalveolar
unit of lower left second molar with 20° inclination with alve-

olar bone, the wire and the tube with Gummetal and Nitinol
by finite element analysis was compared by Pacheco et al.
[20]. Gummetal archwire generated less effort (214.28 MPa)
than Nitinol (219.93 MPa) and presented slightly smaller
(0.007mm) deformation. The molar, alveolar bone, and
molar tube expressed greater stress and strain when using
the Nitinol archwire compared to the Gummetal. In conclu-
sion, under the same mechanical conditions, Gummetal
showed less effort and deformation than Nitinol.

The comparison of Gummetal to conventional leveling-
archwires for the “en bloc” uprighting of mesially inclined
premolars and first molar was performed by Bertl et al.
[21]. The clinical situation was simulated in a 2D measuring
apparatus. Gummetal 0.018" x 0.022" and TMA 0.016" x
0.022" archwires produced similar and highest uprighting
moments at the second premolar and highest vertical forces
at the first premolar and first molar brackets. Highly signifi-
cant differences between moments of these two types of arch-
wires and other tested alloys were found. In contrast to other
wires, Gummetal, TMA, and Blue Elgiloy multiloop per-
formed the same at room and body temperature.

3.7. Calorimetric and Thermomechanical Properties. Gum-
metal, TMA, Copper NiTi (CuNiT1i), Thermalloy Plus, Niti-
nol SE, and NiTi wires were subjected to a dynamic
mechanical analysis and differential scanning calorimetry
by Laino et al. [22]. A model was designed to predict the elas-
tic modulus of superelastic wires. Gummetal and TMA pre-
sented a flexural elastic modulus almost constant with the
temperature. On the contrary, the elastic modulus of the
Thermalloy Plus, NiTi, Nitinol, and CuNiti were temperature
dependent. It was stated that Gummetal wire behaved as an
elastic wire with a very low Young’s Modulus (40 GPa
+/-3 GPa) which was about half of that related to TMA
(105.0+/-8.5 GPa).

4. Discussion

B-Ti alloys are important class of alloys that have found use
in demanding applications such as aircraft structures,
engines, orthopedic, and orthodontic implants [23]. Their
high strength, great biocompatibility, excellent corrosion
resistance, and ease of fabrication provide important advan-
tages compared to other high performance alloys [23]. It
was stated by Suzuki et al. [13] that mechanical properties
vary markedly among S-Ti wires from different manufac-
turers. Thus, it seems that understanding their specific prop-
erties is essential for proper clinical application [13].

Gummetal unveils unique mechanical properties and
combines them with typical for B-Ti alloys lack of toxicity
due to nickel and chromium-free chemical composition [6].
Clinicians should be aware of possible adverse reactions aris-
ing from the intraoral use of orthodontic materials due to
corrosion, galvanic corrosion, and release of ions from dif-
ferent alloys [24]. TiNb wires could substitute CoCr, SS,
and NiTi archwires in particular stages of orthodontic treat-
ment especially, but not only, in susceptible groups of
patients [25-27].
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Nordstrom et al. [10] claimed that further studies are
necessary to evaluate the usefulness of Gummetal with differ-
ent wire sizes and in various clinical situations in order to
prove its advantages over other wires. They also suggested
that Gummetal wire could be used in patients when bends
could be useful from the beginning of orthodontic treatment.

According to Grauberger [12], advertised “superelasti-
city” of Gummetal should be discussed and examined in
the future.

Orthodontists should be aware of the FFs in bracket-wire
combinations to achieve efficient tooth movement [12]. Kop-
sahilis [16] mentioned that additional in vivo tests with oral
mouth conditions might have significant influence on FF
rankings of orthodontic wires.

Gentle and continuous load is desired for optimal tooth
movement [28]. Gummetal orthodontic archwire could be
useful for the initial stage of orthodontic treatment but might
be convenient in the final stage as well [22].

The search for an ideal orthodontic wire definitely has
not come to an end yet [29]. There are many different
methods and tests, including more 3-dimensional finite ele-
ment model analyses, low-level laser therapies, and bio-
chemical or spectroscopic analytical methods which could
be performed to compare the characteristics of novel ortho-
dontic wires with the older existing ones [30-34]. Surpris-
ingly, for the authors of this review, from 2003 when there
were first publications about the great potential of Gumme-
tal alloy up to date, to the best knowledge of authors, only
one double-blind RCT exists in the literature available to
compare its usefulness as orthodontic archwire with dissim-
ilar wire.

5. Conclusions

(i) Gummetal archwire could be useful in the initial
stage of orthodontic treatment alternatively to NiTi
wires. However, it shows some plastic deformation,
which questions its superelasticity

(ii) It is assumed that Gummetal alloy could be used
in patients suffering from nickel allergy; all the
atomic elements of the alloy are nontoxic and
biocompatible

(iii) Gummetal wire exhibits low bending strength, low
fatigue limit, and high resilience. However, these
properties do not affect the numbers of cycles to
fracture (similar risk to wire fracture)

(iv) Loss of applied force due to friction of Gummetal
wire is comparable to SS and CoCr wires

(v) TiNb wires might demonstrate appropriate torque
moment and low tension values when they are
used combined with edgewise appliances (GEAW
technique)

(vi) Gummetal archwire has a very low Young’s Modu-
lus constant with the temperature with high tensile
strength, which provides lower force than Nitinol
and TMA but higher than Supercable wire

BioMed Research International

Abbreviations

B-Ti: B-Titanium

CoCr:  Cobalt-chromium

CuNiTi: Copper nickel-titanium

FF, FFs: Frictional force(s)

GEAW: Gummetal edgewise archwire

MEAW: Multiloop edgewise archwire

NiTi: Nickel-titanium

RCT: Randomized clinical trial

RoB: Risk of bias

SS: Stainless steel

Ti: Titanium

TiMo:  Titanium-molybdenum

TiNb: Titanium-niobium, Gummetal

TNTZO: Titanium-niobium-tantalum-zirconium-O,
Gummetal.
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Abstract: Background. This study aimed to determine the kinetic frictional force (FF) of the recently
produced TiNbTaZrO (Gummetal) orthodontic wire and compare it to the widely used wires of
stainless steel (SS), nickel-titanium (NiTi), cobalt-chromium (CoCr) and titanium-molybdenum
(TiMo) alloys. Methods. Five types of 0.016” x 0.022" wires were ligated with elastic ligatures
to 0.018” x 0.025” SS brackets. The dynamic FFs between the brackets and ligated wires were
measured utilizing a specialized tensile tester machine. Prior sample sizes for different archwires
were conducted using power analysis for the general linear models. The existence of significant
differences in FF between examined materials was initially confirmed by the one-way analysis of
variance (ANOVA) with further evidence of pairwise differences by Tukey’s Honest Significant
Difference test. Results. The pairwise differences between means of kinetic FFs for NiTi, CoCr, and
Gummetal wires were not statistically significant (adjusted p-value > 0.05). Stainless steel alloy
presented the lowest FF values significantly different from other groups (adjusted p-value < 0.05).
On the contrary, TiMo wires showed significantly greater FFs (adjusted p-value < 0.05) than other
alloys. Conclusions. Gummetal orthodontic wire exhibits similar frictional resistance as NiTi and
CoCr wires. Bendable TiNbTaZrO wire might be used for sliding mechanics due to its favorable
frictional properties.

Keywords: Gummetal; dynamic friction; TiNb; orthodontic archwire

1. Introduction

Friction is the force that opposes motion between any surfaces that are in contact [1].
Frictional force (FF) in orthodontics occurs at multiple contact points along the bracket-
archwire interface during multibracket treatment. Brackets bonded on different tooth
surfaces transfer forces to teeth [2,3]. Orthodontic tooth movement depends on static and
dynamic friction [4]. Sliding between wire and bracket in the oral cavity occurs at a low
velocity. Variables affecting friction between the components of multibracket appliances are
related to the type of archwire, the bracket, the ligation system, and biological factors [5,6].

Different alloys are used for producing orthodontic wires required in the active phase
of orthodontic treatment. Clinicians should be aware of frictional resistance of archwires,
especially during en masse movement or canine retraction. When sliding mechanics are
utilized, FF is generated between the wire, bracket, and ligature, impeding tooth movement
during the phase of retraction and transmitting forces to the posterior teeth. These forces
negatively affect the anchorage requirement, potentially resulting in loss of anchorage [7].
The ideal orthodontic wire should provide a low coefficient of friction to move the teeth
efficiently and freely.
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Stainless steel (SS) wires are widely known for their high stiffness and low friction
properties compared to other archwire materials [8]. The use of a combination of SS
archwires and brackets has been the gold standard for orthodontists to utilize during
sliding mechanics. Stainless steel archwires are also considered the reference material for
assessing the mechanical properties of newly fabricated archwires [9,10].

Cobalt-chromium (CoCr) wire emerged in the 1960s [11]. One advantage of using it
for orthodontic applications is its low hardness. After being shaped, the CoCr archwire can
be hardened by heat treatment, which substantially increases its strength. For years, SS
and CoCr alloys were the standards in orthodontic treatment.

Nitinol was developed in the early 1960s and introduced to orthodontics in the
late 1970s [12]. Orthodontic nickel-titanium (NiTi) wires are widely used. They have
simplified the initial phase of orthodontic treatment due to their low forces over a wide
range of activation and superelastic properties [13]. However, the low deformability of
NiTi archwires limits their use in the final phases of orthodontic therapy.

Titanium-molybdenum (TiMo) is a beta-titanium (3-Ti) alloy introduced to orthodon-
tics in the 1980s. It combines high strength and springiness, making it a good choice for
finishing (especially rectangular wires used in the late stages of multibracket orthodontic
treatment). Beta-titanium lacks the stiffness and formability of CoCr; however, it is not
suitable for applications that require the flexibility of an archwire. Another drawback of
TiMo wires is their high surface roughness, which produces high friction between the
bracket and archwire [14]. The development of new (3-Ti wires and other titanium alloys
has rapidly increased recently, partly because of the high biocompatibility of these nickel
and chromium-free archwires [15].

In previous studies of frictional resistance of orthodontic wires, TiMo wires generated
the highest friction values, followed by NiTi and SS wire, when using the SS brackets [16].
Another study stated that SS wires performed the least amount of friction, followed by
CoCr, NiTi, and 3-Ti wires [17].

Gummetal is a recent multifunctional 3-Ti alloy. It consists of titanium, niobium,
tantalum, zirconium, and oxygen (TiNbTaZrO), making it bioinert [18-20]. The abovemen-
tioned metals are placed in groups IVa and Va of the periodic table of elements. Gummetal
was developed in 2001 at the Metallurgy Research Section of Toyota Central R&D, Inc. in
Japan [21]. The chemical composition of Gummetal (Ti-23Nb-0.7Ta-2Zr-1.20) was based
on atomic valence theory. To achieve its rare characteristics, the alloy is intensively cold-
worked. Special characteristics of Gummetal arise from the juxtaposition of electronic
magic numbers: Bo value of 2.87, compositional average valence electron number of 4.24,
and Md value of 2.45 eV [22]. According to Hasegawa, Gummetal wire can reduce friction
between the archwire and metal brackets by up to 50% compared with other titanium
wires [22]. It exhibits a very low Young’s Modulus constant with the temperature and
high tensile strength (which is extremely rare) and provides lower force than NiTi and
B-Ti archwires. Manufacturers state that the dislocation motion of the crystal (plastic
deformation) is controlled completely, which makes Gummetal unique [23].

The authors of this research have found only a single article comparing the FFs of
Gummetal, NiTi, and TiMo orthodontic wires [24]. Besides, in their recently published
review, the present study’s authors have not found any published studies comparing FFs
of Gummetal with other conventional wires [25]. Thus, the objective of this study was to
determine the kinetic FFs of Gummetal wire and compare them with the abovementioned
well-known archwire alloys.

Although according to the theory, the FF is not directly related to the surface, the
authors decided to analyze the topography of all five orthodontic wires. Materials were
intentionally placed in contact, and the nature of the contact is linked directly to the layout
of surface asperities, which is the subject of functional surface analyses in many areas of
science [26,27].
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2. Materials and Methods

In the present study, 50 SS brackets (Discovery, Dentaurum) with declared slot sizes of
0.018 x 0.025” (0.018” slot) and Roth prescription for the maxillary right canine were used.
Five types of 0.016 x 0.022” 10 cm long straight wires (n = 50), including (ten specimens
each): SS (Remanium, Dentaurum, Ispringen, Germany), CoCr (Elgiloy Blue, RMO, Denver,
CO, USA), NiTi (Nickel Titanium, G&H, Franklin, IN, USA), TiMo (BetaForce, Ortho
Technology, West Columbia, SC, USA), and TiNbTaZrO wires (Gummetal, JM Ortho
Corporation, Tokyo, Japan) were ligated to the brackets with elastic modules (Alastik
Easy-To-Tie, 3M, Saint Paul, MN, USA).

Each bracket was bonded on a steel plate S235]R 1,4 mm thick, 50 mm wide, and
115 mm long, using cyanoacrylate adhesive (Kemsin KC-1200, Chemkon). Bracket prescrip-
tion characteristics were minimized by supporting the bracket with a 0.018 x 0.025" SS
straight wire jig (Remanium, Dentaurum). The jig was removed once the adhesive had
hardened. All the bonding procedures, for standardization purposes, were carried out by
the same operator. The measurement condition was taken at a dry state at room temper-
ature. Then, each wire was ligated to the bracket with elastic ligature so that the lower,
shorter end of the wire was left free.

Following the bonding and ligating procedures, each model was mounted in the base
handle of the MultiTest 2.5-i testing machine (Mecmesin Ltd., Horsham, UK) (Figure 1).
The steel plate was placed in the handle of the machine and then fixed with straight wire
perpendicular to the machine’s base and parallel to the bracket’s slot.

Figure 1. A model mounted in the base handle of the force testing machine.

Afterward, 10 mm of the upper end of the wire was fixed to the special tension-loading
cell of the tensile measuring machine with a range of up to 10 N loadcell capacity and full-
scale accuracy of +0.1%. Subsequently, the wire was pulled through at a crosshead speed
of 10 mm/min for a distance of 20 mm. The machine was recording 1000 measurements
of FF per second. The kinetic FF was measured by averaging the FFs exerted during
the 120 s long-lasting wire movement. Recorded measurements of dynamic FF for each
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of 50 wire-ligature-bracket combinations were then saved on a PC employing Emperor
(Mecmesin Ltd.) force testing software.

The statistical analysis was undertaken using IDE version 1.4.1106 (RStudio) and R
version 4.0.4 (R Core Team) software. For the prior sample size estimation, the authors
used power calculations for the general linear models. Assuming the degrees of freedom
for the numerator u = 4 (for 5 groups), effect size f2 = 0.4 (we used a medium value for a
priory testing), a significance level of 5%, and large power value = 0.75, the total sample
size for the present experiment should have equaled at least 48, thus having 10 samples
per group met the conditions [28,29].

To carry out a statistical analysis of the data, the authors have proceeded from two
classical hypotheses:

e A null hypothesis: there is no difference in kinetic FF between groups.
e  The alternative hypothesis proposes that there is a difference at least between one pair
of groups.

Several statistical tests were performed to test the hypotheses. However, some tests
were designed to work with small or medium size samples (up to 5000). Therefore, when
performing statistical tests, the mean values of the sample groups were used instead of
the whole groups of samples. The use of sample means was justified because each data
distribution group, as seen in the next section, generally corresponded to the normal one.

A one-way analysis of variance (ANOVA) has been performed to determine if there
were differences between the groups. ANOVA is an extension of independent two-samples
t-test for comparing means in a situation where there are more than two groups.

However, the ANOVA test is based on the assumptions of the homogeneous variance
across groups and the normally distributed data. Levene’s test for group homogeneity
estimation has been used to check the first assumption. This test is less sensitive to
departures from normal distribution compared to Bartlett’s test [29]. For checking the
second (normality) assumption, the Shapiro-Wilk’s test on the ANOVA residuals has
been performed.

A general linear hypothesis test was applied to specify between which group of
samples, potentially, there were statistical differences in kinetic FFs.

In order to demonstrate the differences visually, the post hoc Tukey’s Honest Signifi-
cant Difference (HSD) test was performed. That test relies on a set of confidence intervals
on the differences between the means of the levels of a factor with the specified family-wise
probability of coverage. The intervals were based on the studentized range statistic, Tukey’s
HSD method.

There are many methods for measuring surface topography, divided into two main
groups: contact and contactless. Since it is difficult to achieve consistency between methods
using different physical principles [30], it was decided to use a focus variation microscope
with an appropriately selected lighting system [31], as shown in Figure 2.

Figure 2. A focus variation microscope used for topography measurements with a wire in a holder.
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Focus variation microscopy sharpens the surface image to measure the surface uneven-
ness. The measured object is illuminated by light with appropriate modulation, transmitted
by optics, and focused on the surface. The reflected light returns through the optical system
and reaches the digital detector searching for the focus beam. The surface image is shaped
by an optical system capable of obtaining both photometric (brightness, color, etc.) and
geometric (distances, shape) information [32]. For the surface topography reconstruction,
only those places where the data from the detector coincide with the data from the focus
area will be stored.

In the present study, the measurements were made for representative samples of
each material utilizing Alicona IF G5 focus variation microscope. After obtaining raw
measurement data, a procedure was carried out to fill in non-measured points, which could
be problematic with many optical measurements [33]. Subsequently, the shape was then
removed by a third-degree polynomial and filtration of the surface waviness employing
the Gaussian filter. A cut-off (compliant with a nesting index) of 0.25 mm was used. For
measurements, 50 x magnification was chosen with coaxial illumination (no polarization),
20 nm vertical resolution, and 2.15 pm horizontal resolution. Sampling distance was equal
to 0.176 um with a total measurement area of 2.629 mm x 0.611 mm.

3. Results

The distribution of the kinetic FFs by the samples compared has been presented in
Table 1.

Table 1. Distribution of the kinetic FF by the groups of samples (unit; N).

Group ! Mean SD Median ™ 2 Min Max Skew  Kurtosis SE IQOR Q1 Q3
Ren(‘sa;ium 0.639 0.139 0.640 0.628 0216 1.446 1693 6502 <0.0001 0.141 0548  0.689
NiCk'i;TiiTtia)m“m 1.143 0.306 1.087 1114 0.005 2319 1.020 1508 <0.0001 0399 0917 1316
Elg(g%yclf)l“e 1.097 0.354 1.014 1.078 0.011 2.267 0409  —0932 <0.0001 0569 0813  1.382
BetaForce (TiMo) ~ 1.932 0.307 1.930 1.934 0.152 2839  —0138 0253 <0.0001 0431 1727 2158
(Tcll‘\l]%%‘;%) 1.198 0.208 1.181 1192 0.129 1.694 0192 0060 <0.0001 0244 1064  1.308

1_Sample size per group 1 = 1,200,000. >—Trimmed mean.

That being the case, the Remanium’s and Gummetal’s interquartile ranges (IQRs) are
comparatively narrow. This suggests that overall data have a high level of agreement with
one another. On the contrary, Elgiloy data is the most dispersed. Additionally, Remanium
and BetaForce medians do not intersect with other group’s IQRs, then there are differences
between these groups. Medians for Nickel-Titanium, Elgiloy Blue, and Gummetal lie
within one another’s IQR boundaries.

All groups have bell-shaped (unimodal) histograms, except Nickel-Titanium, which
has a bimodal one. Positively skewed histograms describe Remanium and Nickel-Titanium
with highly and moderately kurtosis, respectively. Also, kurtosis but a negative one is
present on Elgiloy Blue histogram. The values of asymmetry and excess for BetaForce
and Gummetal groups of samples are insignificant; moreover, these groups have the
lowest SDs.

Initially, based on the analysis of descriptive statistics, the values for BetaForce, Gum-
metal, and Remanium respectively most closely satisfy the criteria for normal distributions.

Figure 3 presents the FF distribution data for each group as a histogram. A normal
distribution curve was superimposed with mean and standard deviations (SDs) from
Table 1 to visualize and assess how the histograms deviated from a normal distribution.
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distribution of kinetic FF (unit; N).

42



Materials 2021, 14, 6233 7 of 14

In general, there are some deviations from the normal distribution. However, due to
the very large sample size (n = 120,000) and 10 independent samples in each group, the
influence of outliers” presence remains negligible. The mean values of the sample groups
used to perform statistical tests are presented in Table 2.

Table 2. Descriptive statistics of kinetic FF by group sample means (unit; N).

Sample
Group
1 2 3 4 5 6 7 8 9 10
Remanium (SS) 0.45 0.88 0.5 0.61 0.64 0.72 0.55 0.73 0.65 0.65
Nickel-Titanium (NiTi) 1.35 1.04 0.94 0.93 1.31 1.66 0.84 091 1.06 0.86
Elgiloy Blue (CoCr) 0.86 1.47 1.03 0.99 1.49 0.64 1.22 1.24 1.24 0.79
BetaForce (TiMo) 1.94 1.81 2.26 2.03 2.03 1.71 1.8 1.93 2.1 1.71
Gummetal (TiNbTaZrO) 1.11 1.25 0.97 1.08 1.47 1.17 1.06 1.51 1.21 1.14

Summarizing the analysis of variance group sample means is given in Table 3.

Table 3. One-factor ANOVA results.

Df Sum Sq Mean Sq F Value Pr >F) Df
Group 4 8.645 2.1612 47.13 1.55 x 10713
Residuals 45 2.063 0.0459 - -

Because the p-value is less than the significance level of 0.05, it indicates the differences
between the groups.
The results of Levene’s test have been presented in Table 4.

Table 4. Levene’s test summary. Defining the homogeneity of variances.

Group Variable Df1 Df2 F-Value Pr (>F)
Group 45 4 2.236 0.08

The test reveals a p-value greater than 0.05, indicating no significant difference between
the group variances. Therefore, the homogeneity of variances in the different groups has
been confirmed.

The result of the Shapiro-Wilk’s test output obtained W = 0.98355, p-value = 0.7078,
so far as p-value is greater than 0.05, hence, no indication that normality is violated.

Based on the results of a one-way ANOVA test along with Levene’s and Shapiro—-
Wilk's tests, it can be assumed that there is a difference in kinetic FFs between some groups.
To specify between which ones, a general linear hypothesis test was applied (Table 5).

According to the data in Table 5, a statistical difference is significant for groups with
Pr(>1tl) less than the p-value (0.05).

Confidence intervals estimated by performing the post hoc Tukey’s HSD test are
presented in Figure 4.

Data presented in Figure 4 report that three out of ten pairwise group differences (where
confidence interval crosses the dotted line containing zero) are considered non-significant.

Based on the information regarding Pr(> | t|) from Table 5, lower and upper confidence
interval values from Figure 3, results of the statistical significance of the differences between
the sample group means are presented in Table 6.
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Table 5. Defining the homogeneity of variances. Results of simultaneous tests for general

linear hypotheses.
Pairwise Group Comparison Difference * t-Value Pr(>1tl)
Elgiloy Blue (CoCr)—BetaForce (TiMo) —0.83522 —8.722 <0.0001
Gummetal (TiNbTaZrO)—BetaForce (TiMo) —0.73392 —7.664 <0.0001
Nickel-Titanium (NiTi)—BetaForce (TiMo) —0.78896 —8.239 <0.0001
Remanium (SS)—BetaForce (TiMo) —1.29306 —13.503 <0.0001
Gummetal (TiNbTaZrO)—Elgiloy Blue (CoCr) 0.10130 1.058 0.826769
Nickel-Titanium (NiTi)—Elgiloy Blue (CoCr) 0.04626 0.483 0.988543
Remanium (SS)—Elgiloy Blue (CoCr) —0.45784 —4.781 0.000196
Nickel-Titanium (NiTi)—Gummetal (TiNbTaZrO) —0.05504 —0.575 0.978098
Remanium (SS)—Gummetal (TiNbTaZrO) —0.55914 —5.839 <0.0001
Remanium (SS)—Nickel-Titanium (NiTi) —0.50409 —5.264 <0.0001

*—the pairwise difference between sample group means.

95% family—wise confidence level

Elgiloy Blue (CoCr)-BetaForce (TiMo) =

Gummetal (TiNbTaZrO)-BetaForce (TiMo) =

Nickel-Titanium (NiTi)-BetaForce (TiMo) — I t i

Remanium (SS)-BetaForce (TiMo) — I t 1

Gummetal (TiNbTaZrO)-Elgiloy Blue (GoCr) = L + |

Nickel-Titanium (NiTi)-Elgiloy Blue (CoCr) — i + i

Remanium (SS)-Elgiloy Blue (CoCr) — I t i

Nickel-Titanium (NiTi)-Gummetal (TiNbTaZrO) — I } |

Remanium (SS)-Gummetal (TiNbTaZrO) = L t |

Remanium (SS)-Nickel-Titanium (NiTi) —| k $ | !
I I I I

-1.5 -1.0 -0.5 0.0

Differences in mean levels of group

Figure 4. Pairwise group means differences in the form of confidence intervals.

Table 6. Presence (+)/absence (—) of statistically significant differences between the sample group means (p-value < 0.05).

Orthodontic Wire Remanium Nickel-Titanium Elgiloy Blue BetaForce Gummetal
(SS) (NiTi) (CoCr) (TiMo) (TiNbTaZrO)
Remanium (SS) + + + +
Nickel-Titanium (NiTi) + — + _
Elgiloy Blue (CoCr) + — + _
BetaForce (TiMo) + + + +
Gummetal (TiNbTaZrO) + - — +

Seven out of ten pairwise group comparisons turned out to be statistically significant.
Remanium and BetaForce group sample means both showed a significant difference be-
tween each other and between all the other groups. On the other hand, no statistically
significant differences were found between pairwise comparisons of Nickel-Titanium,
Gummetal, and Elgiloy Blue sample group means. Among the studied groups, the lowest
values of kinetic FFs were exerted by Remanium, the highest ones—by BetaForce; the
medium forces were shown by Elgiloy Blue, Nickel-Titanium, and Gummetal.
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A topographical analysis of wires from the compared materials was also carried out.
The images of each of them, together with their topographical maps, are shown in Figure 5.

(d)

Figure 5. Images of different wires: (a) Remanium (SS); (b) Nickel-Titanium (NiTi); (c) Elgiloy Blue
(CoCr); (d) BetaForce (TiMo); (e) Gummetal (TiNbTaZrO).
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Results of topography and roughness parameters are presented in Table 7.

Table 7. Surface parameters for wires made from different materials.

Orthodontic RSm Sq Ssk Sz Sk Spk  Svk Smrl Smr2
Wire pm pum - pm pum pm pm % %
Remanium 31.0 0.26 —-0.72 2.28 056 020 0.39 8.5 85.0
NiTi 30.8 0.27 —0.68 3.25 0.62 0.22 0.39 7.7 86.3
Elgiloy Blue 42.7 0.89 —0.48 6.10 233 045 1.08 6.5 88.1
BetaForce 25.3 0.16 —0.41 1.75 036 016 0.22 10.5 889
Gummetal 33.0 041 0.14 3.11 1.07 0.44 0.37 10.4 91.3

All the parameters were evaluated according to ISO 4287 [34] and ISO 25178 [35]. The
following parameters were presented:

RSm—mean width of the roughness profile elements

Sq—root mean square height of the scale-limited surface

Ssk—skewness of the scale-limited surface

Sz—maximum height of the scale-limited surface

Sk—core height

Spk—reduced peak height

Svk—reduced dale height

Smrl—material ratio at the intersection line separating hills from the core surface
Smr2—material ratio at the intersection line separating dales from the core surface

4. Discussion

Friction in orthodontic therapy is a considerable clinical challenge, which must be well
controlled and understood considering that it cannot be eliminated from the multibracket
treatment. Using materials providing lower levels of friction reduces the force lost during
the sliding of orthodontic wire. Thus, forces transmitted to the periodontal ligament are
decreased, and overloading might be avoided [36].

The frictional force is a part of the resistance to sliding (RS), such as when a bracket
moves along an archwire during orthodontic therapy. Kusy and Whitley [37] divided
RS into three components: FFs, due to contact of the bracket surfaces and wire; binding,
which is created when the archwire flexes or the tooth tips and contacts between the wire
and the bracket corners occurs; and notching, when plastic deformation of the wire cross-
section happens at the bracket-wire corner interface, which often takes place in clinical
situations. In the study by Nishio et al. [38] the values of FF were directly proportional to
the angulation increase between the wire and the bracket. Orthodontists should be well
aware of all the factors influencing efficient tooth movement.

In a single study investigating frictional properties of Gummetal found, Takada et al. [24]
reported that TiMo exhibited significantly higher frictional values than Gummetal and that
NiTi archwires showed comparable frictional characteristics to TiNbTaZrO alloy. Similar
results have been reported in the present study.

Alfonso et al. [39] reported that the frictional resistance is affected by the hardness
of archwire alloys and published results that present a linear relationship between the
hardness of different archwire alloys and the friction coefficients. These findings indicate
that the frictional resistance of Gummetal wire might be slightly greater because of its
lesser hardness and lower elastic modulus compared to NiTi archwire [24].

In the current work, the authors decided to use conventional elastomeric ligatures
as the ligation method. As in previous similar studies, elastic ligatures were placed
immediately before the tests, with no decay caused by exposure to time or a humid
environment [40]. This approach provides impartial and comparable conditions for testing

FFs in vitro [41,42].
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In the present study, care was taken to place each bracket in a position so that the
bracket slot was passive with respect to 0.016 x 0.022” straight wires mounted on a
steel plate. However, the authors are aware that minor non-linearity of the wire and
malalignment of the orthodontic bracket could not be fully controlled and might have
affected obtained results.

It is known that bracket sets, series, and single brackets are characterized by imperfec-
tions [43] that might affect the bracket slot’s structure, dimensions, roughness, and shape,
e.g., divergence, convergence, parallelism, and rounding off their inner walls [44,45]. If con-
tact between bracket and archwire is looser and smoother, friction is reduced; on the other
hand, tight contact and rougher surface result in increased friction values [42]. Moreover,
differences exist between declared and actual orthodontic bracket slot sizes [43,44]. Thus,
fifty brackets from one producer were used in this experiment to improve the statistical
control by decreasing the impact of confounding variables.

Each of the 50 tests performed in the present study comprised a new section of a wire
and a new bracket to avoid mechanical wear signs of the brackets or the wire. Drawing a
wire through the bracket results in a plastic displacement of the surface and the near-surface
material and the detachment of particles responsible for wear debris [46]. Thus, using one
bracket for many tests might have influenced obtained FFs results.

Forces needed to overcome friction in vitro are higher than those in vivo, as claimed
by Ho and West [47]. Lubrication plays a role in reducing FFs between brackets and wires
during in vitro tests with different types of human and artificial saliva [48]. This fact
might be a possible limitation of the present in vitro study performed in dry conditions.
Fortunately, in vitro studies of archwires performed in dry conditions present rankings of
FFs and order of frictional values similar to wet conditions and can provide orthodontists
valuable and relevant clinical information [37]. On the other hand, it is difficult to be
completely certain how precisely laboratory equipment could recreate the same in vivo
situation with the response of periodontal ligament to orthodontic forces [49]. At the
moment, tooth movement cannot be completely imitated in vitro [36,50].

The topographic analysis of the surfaces showed that the Gummetal archwire did
not deviate from the others in fundamental respects. All wires after processing presented
a periodical structure, which was depicted by the values of RSm parameters. Their vari-
ability exhibited a change in machining parameters while maintaining the process. The
greatest asperities occurred for Elgiloy Blue, as shown by the amplitude values of the mean
(59) and maximum (Sz) parameters. These values were several times higher than those
obtained for BetaForce, which in turn were the smallest. The difference with Gummetal
was that a positive value of skewness (Ssk) was obtained, with negative values for other
materials. That demonstrated the slight domination of individual, high peaks over the
valleys. However, these differences were not substantial, and one has to bear in mind
the stochastic component. The last group of analyzed parameters was obtained from
the material ratio curve. These parameters [51] are commonly used for assessing contact
surfaces subject to the wear process. Here, also for Gummetal wire, the authors found
confirmation of the domination of peaks over valleys, as the Spk was larger than Svk. For
other materials, this relationship was reversed. The surfaces presented generally poor
properties for maintaining the lubricating medium, which can be observed from the low
values of Svk in relation to Sk. The relatively high value of Smr2 also shows the low impact
of the valleys for Gummetal. However, all the parameters presented are similar in nature
for all the materials analyzed, making future wear tests independent of topography.

5. Conclusions

Gummetal wire unveiled similar frictional resistance as the CoCr and NiTi arch-
wires. The frictional properties presented by Gummetal alloy were superior to the TiMo
but inferior to the SS alloy wire. There are no significant differences in surface topog-
raphy for different materials, which will make the wear test much more reliable. More
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in vitro and in vivo studies are necessary to find the best use for Gummetal archwire in
orthodontic treatment.
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