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1 Abstract

Background: Elastomeric chains have been used in orthodontics for nearly 60
years. With the advent of new materials and the popularity of colored chains
the level of force delivery has been proven to vary from company to company.

Aim: The purpose of the study was to determine the effect of pigmentation on
force levels and their degradation over time in orthodontic power chain of
different chain types and manufactures.

Materials & Methods: Groups consisted of closed power chain from American
Orthodontic (AO) thermoplastic (TP) in 5 colors, AO thermoset (TS) in 2 colors,
Ormco TP in 4 colors, Ormco TS in 2 colors, and Rocky Mountain Orthodontics
(RMO) TS in 5 colors (18 groups total, 10 chain samples in each group).
Testing was performed over a period of 6 weeks at intervals of initial (TO), 1
hour (T1), 1 day (T2), 1 week (T3), 2 weeks (T4), 4 weeks (T5), and 6 weeks (T6).
At each timepoint, an Instron Universal Testing Machine was utilized to stretch
a sample to 25mm and record the force level. After each test, the chain
samples were placed on the 3D printed arch model, stretched 25mm from tooth
#23 to #26 and stored in distilled water at 379C between time points to
simulate canine retraction in the oral environment.

Results: In general, force levels of all chains significantly decreased at each
time point, but the decrease was larger for the TP groups early on and
leveled off at the later time points. The TS groups exhibited a more gradual
and continuous decrease in force values while maintaining overall higher
force values. Chain pigmentation had a significant effect on force levels at
all time points within each manufacturer and chain material. Chains
containing blue pigment, in both TP and TS chain types, degraded faster
and delivered significantly lower force values in all colored groups at most
time points. In addition, at weeks 4 and 6, AO TS grey had a significantly
lower mean force than the corresponding AO TS clear.

Conclusions: Pigmentation played a significant role in force levels and their
degradation over time, but the specific pattern is not consistent between
manufacturer or chain material.

Keywords

Power chain, Force degradation, Elastomeric, Pigmentation, Orthodontics,
Thermoset, Thermoplastic



Lay Person Summary

When people seek orthodontic care, a common concern is spacing between their teeth.
Orthodontic power chain is an elastic that gets tied from tooth to tooth to create tooth
movement to close these spaces. This chain can be made from different materials
(thermoplastic and thermoset) and for esthetic purposes it is supplied in different colors.
This chain is also supplied by different manufactures which differ based on manufacturing
techniques.

Aim of this research was to determine the effect of color on force levels and its degradation
over time in orthodontic power chain of different chain types and manufactures.

Materials & Methods: Groups consisted of 7 different colors and 2 different chain types
from 3 different companies. Groups were tested over a period of 6 weeks at intervals of
initial, 1 hour, 1 day, 1 week, 2 weeks, 4 weeks, and 6 weeks. At each timepoint, an Instron
Universal Testing machine was used to stretch the chain and record the force level. After
testing, the samples were placed on a replica of a common orthodontic situation in a
simulated oral environment.

Results: In general, the forces delivered by all chains decreased at each time point, but the
decrease was larger in one of the chain types (thermoplastic) early on and leveled off at later
time points. The other group (thermoset) exhibited a more gradual and continuous decrease
while maintaining overall higher force values. Chains containing blue pigment in both types
degraded faster and delivered significantly lower force values.

Conclusions: Color played a significant role in force delivery and their decrease over time,
but it wasn’t consistent between manufacturer or material.



Acknowledgments

I would like to extend a sincere thank you to all those who have supported
me over the past three years. Without your guidance, patience and
assistance completion of my project would not have been possible.

Dr. Ali Tassi, Western University, Department of Graduate Orthodontics, for
graciously offering to supervise another student’s thesis under your already
packed schedule. Your guidance, thoughts and additions are very much
appreciated.

Dr. Antonios Mamandras, Western University, Department of Graduate
Orthodontics, for being a wonderful Department Head and developing an
Orthodontic program that provides the best student experience. Your smile
and calm reassurance will be missed in our program, but your legacy will
live on.

Dr. Amin Rizkalla, Western University, Division Medical Biophysics Schulich
School of Medicine and Dentistry, for your expertise, encouragement and for
the use of your Lab.

Drs Mark Pus and Bruce Hill for being members of my examination
committee and clinical instructors. It has been an honour and pleasure to
learn from two of the best.

My co-resident’s past and present. It has been an amazing ride!

My mother, Alma, and my late father, William, for your love, support and
understanding.

My Wife, Janet and children, Brett and Alex, for going on this life changing
journey and believing in me with unconditional love and understanding.



Table of Contents

1 ADSEIACT ... [
ACKNOWIEAGMENES. ...t ii
Table OF CONENES ...t Y%
LISt OF TADIES ... bbb vii
LISt OF FIQUIES ...ttt ra e e e e s reenaeennesreas viii
LSt OF APPENUICES ...ttt bbbt IX
LiSt OF ADDIEVIALIONS ......ouiiiiiiciiiisi e X
(01T 1o (=] o TSRO P U PR P PP TRPRO 1
1 INErOUUCTION ...ttt 1
1.1 Orthodontic Force systems and DUFtiONS..........cccooererinininieeieiee e 2
1.2 Elastomeric Chain COMPOSItION .......cccveiiiiieiicieeic e 4
1.3 PhySICal PrOPEITIES.....ccuieiieieieii e 4
1.3.1 Force Decay in EIaStOMErS ........cccveiiiiiiieiecc e 4

1.3.2 Thermoset vs Thermoplastic EIaStOMErS...........cccoviiiiiiiiiiie e 6

1.3.3 The Effect of ManufaCturing ...........ccccceovveiiiiiiicii e 7

1.3.4 The Effect of the Environment on FOrce DECAY ..........cccevvererencrenennnnnns 8

1.3.5 The effect of Sterilization on FOrce DeCay ..........cccevvevveveiiieiieeie e 9

1.3.6 The Effect of Storage Media on FOrce DeCay ..........c.cocvevvevenenereninnninns 9

1.3.7 The Effect of Pre-Stretching on Force Decay..........ccccoevevveiieiieeiiieainnens 10

1.3.8 The Effect of Different Ligation Designs on Force Decay....................... 10

1.4 The Effect of PIgmeNntation ..........c.ccovviiiiiiii i 11
1.5 Problem StatemMent..........cooiiiiiie e 13
IO U 010 OSSPSR 14
1.7 HYPOTNESIS. ...ttt et 14



(O T o) SR 15

2 Materials and MEtNOGS..........couiiiiiiee e 15
2.1 EIBStOMErIC ChAINS .....oviiiiiiieicie e 15
2.2 MoOdel FaDITCALION .......ciuiiiiiiieieieeee e 18
2.3 Testing Conditions and Data ReCOrdiNg ........ccccoveviveiieiiieiieie e 19
2.4 PHOE STUAY ....c.eetiiiiiiieieee ettt ene s 21
2.5 Data ANAIYSIS .. .eiviiiieeiecie it nra e re e 22

(01T 0] (=] G TP RUPPPTPPRPRURPRORN 23

3 RESUIES ... 23
3.1 Comparison of Thermoplastic FOrce LeVelS..........ccocvviiriniiiiiiic e 23

3.1.1  American OrthodontiCs TP ........cccooviiirieiiiisceese e 23
312 OFMCO TPt 24
3.2 Comparison Thermoset FOrce LEVEIS .........ccoovviieiieiiic e 25
3.2.1  American OrthodontiCs TS .......ccociiiiiiiieie e 25
3.2.2 OIMCO TS 26
3.2.3  Rocky Mountain OrthodontiCs TS........ccccceviiiiineninieieee e 27

(O T o) ST PSRS 31

A DIHSCUSSTON ...ttt sttt e bbbt bkt e st et bbbt bt et e st et et e et et e st et e eneene s 31
O Y 1= 1 T (o] (oo Y AU OSS 31
4.2 FOICE LBVEIS ... 33
4.3 EFFECt OF COlON ... s 34
4.4 EFfect Of ManUTaCIUIEr........ccooiiieee s 35
4.5 Clinical APPHICALIONS .....ooiiiiiieiie et 35
4.6 Clinical SIGNITICANCE .......coiiiiieieee e 36
4.7 Limitations of thiS StUAY..........coouviiiiiiice e 36
4.8 Strengths Of thiS STUAY .......ccviiiiiiie s 37



4.9 Suggestions for FUture RESEAICH .........ccocveiieiice e 37

CRAPLET 5.ttt re 38
5 CONCIUSIONS ...ttt 38
RETEIENCES ... bbbttt 39
Y o] 01 0T OSSPSR 42
CUITICUIUM VITAE ...t 64



List of Tables

Table 1: Investigated POWET ChaiNS ..........cooiiiiiiiieieiee et 18

Table 2: Average Force levels at all time points (with Standard Deviation in Parentheses)
separated DY TS And TP. ..o et ns 28

Table 3. Percentage of Initial Force Remaining for AO Elastomeric Chains at Different Time
INEEIVALS. ...t bbbttt 29

Table 4. Percentages of Initial Force Remaining for Ormco Elastomeric Chains at Different

THME INEEIVALS <.ttt e e e e e e e e et e e e e e e e e e e e enaeens 29

Table 5. Percentages of Initial Force Remaining for RMO Elastomeric Chains at Different
TIME INTEIVAIS ...ttt et e st e s re e te e e e neenteeneenneenes 30

Vi



List of Figures
Figure 1: Total Sample comprised 0f 18 QroUPS.........ccuiveieieriiiiieierie e 17
Figure 2: 3D printed model with power chain stretched from canine to first molar .............. 19

Figure 3: Instron testing machine, A. Frontal view of power chain mounting hooks, B. 10 N

Instron load cell, C. Great Lakes model dryer, D. .......cccccoveiiiiiieiie i 21
Figure 4. Thermoplastic Chain Decay OVer TIME.......cccuiieiiereriieniie s 24
Figure 5. Thermoset Chain Decay OVEr TIME.........ccccvveiieiieiieeie e sie e 26

Vi



List of Appendices

Appendix A: Raw Force (N) Data for RMO ........ccooiiiiiiiieceeee s 42
Appendix B: Raw Force (N) Data for AO .......cccoceiieiiiie e 43
Appendix C: Raw Force (N) Data for OrMCO........cccveviiieiieiecie e 45
Appendix D: Force Displacement Behavior AO ... 46
Appendix E: Force Displacement Behavior OrMCO .........cccceeeiiiinininieeeese e 50
Appendix F: Force Displacement Behavior RMO.........cccccoiveiiiieiicic e 53
Appendix G. Mean Force Plots at Each Time Point for TP Chains ............ccccocevveiviieinenne. 56
Appendix H: Mean Force Plots at Each Time Point for TS Chains ............ccoccoviniicnnene. 60

viii



List of Abbreviations

AO = American Orthodontics

ATP = American Orthodontics Thermoplastic Power Chains

ATPB = American Orthodontics Thermoplastic Blue Power Chain
ATPC = American Orthodontics Thermoplastic Clear Power Chain
ATPG = American Orthodontics Thermoplastic Grey Power Chain
ATPR = American Orthodontics Thermoplastic Red Power Chain
ATPY = American Orthodontics Thermoplastic Yellow Power Chain
ATS = American Orthodontics Thermoset Power Chain

ATSC = American Orthodontics Thermoset Clear Power Chain
ATSG = American Orthodontics Thermoset Grey Power Chain

OTP = Ormco Thermoplastic Power Chain

OTPB = Ormco Thermoplastic Blue Power Chain
OTPG = Ormco Thermoplastic Silver Power Chain
OTPR = Ormco Thermoplastic Red Power Chain
OTPY = Ormco Thermoplastic Yellow Power Chain
OTS = Ormco Thermoset Power Chain

OTSC = Ormco Thermoset Clear Power Chain
OTSG = Ormco Thermoset Grey Power Chain
RMO = Rocky Mountain Orthodontics

RTS = Rocky Mountain Orthodontics Thermoset Power Chain
RTSB = Rocky Mountain Orthodontics Thermoset Blue Power Chain
RTSC = Rocky Mountain Orthodontics Thermoset Clear Power Chain

RTSG = Rocky Mountain Orthodontics Thermoset Grey Power Chain

iX



RTSR = Rocky Mountain Orthodontics Thermoset Red Power Chain
RTSY = Rocky Mountain Orthodontics Thermoset Yellow Power Chain
Thermoplastic = TP

Thermoset = TS



Chapter 1

Review of the Literature

1 Introduction

Orthodontic tooth movement is utilized to establish a well
indigitated occlusion that is both functional and esthetic. A light
continuous force is generally accepted as being ideal to ensure minimal
patient discomfort while preventing physiologic resorption and also
allowing for efficient and predictable tooth movement. There exist many
techniques to deliver a physiologically friendly delivery of this force, but
they vary in complexity and cost.

When discussing space closure, the most common methods used
today are coil springs, multi-loop wires, elastic threads and elastomeric
chains. Many of these methods are known to have a gradual loss of
effectiveness over time due to stress relaxation. Coil springs are
generally fabricated from nickel titanium and are much more costly than
some of the other methods. They also tend to be less hygienic and have
a tendency to irritate the gingiva. & ?According to a systematic review
held by Barlow et al., the rate of retraction by elastomeric chain is
similar to 150 and 200 g NiTi coil springs, besides the latter is more
expensive. @

Multi-loop wires tend to be time consuming and difficult to bend while
also requiring patients to return for reactivation.

Synthetic elastomeric chains have been around since the 1960’s
and have many clinical advantages: they are inexpensive; compatible
with soft tissues; their insertion and removal require minimal chair time;
not dependent on patient compliance; and can provide light or heavy
forces to deliver appropriate tooth movement. They are however not
without limitations. When exposed to the oral environment they absorb

moisture, permanently stain, and suffer permanent deformation.



Ultimately this results in a gradual loss of effectiveness which begins

with a rapid loss of force in the first 24 hours due to stress relaxation. ®

1.1 Orthodontic Force systems and Durations

At the heart of orthodontics is the process by which a pressure is
applied to a tooth and this pressure then elicits a physiologic reaction
that results in bone resorption and deposition. The goal for efficient
tooth movement is to avoid excessive forces that result in undermining
resorption. With excessive forces blood vessels are occluded which
prevents the necessary cellular events from happening and sterile
necrosis occurs. This leaves us theoretically trying to apply a light
continuous force that is sufficiently strong enough to achieve the desired

tooth movement. ©®

Some controversy exists as to what constitutes an ideal force level
for any given tooth movement. A.M Schwarz generated data that
suggested that the applied force should not exceed the capillary blood
pressure of 20 to 26 gm/sqcm of root surface. He believed that this
would produce what is now termed frontal resorption. ® Storey and
Smith developed the designation of subthreshold force, threshold force,
optimum force and maximum force. They determined that absolute force
values were not attainable and that instead only a range of force values
could be used as a general guideline for clinical use. ) This level will
depend on multiple factors such as type and direction of tooth
movement, the root surface area, the amount and density of surrounding
alveolar bone, and general individual variation. @ ® Ren et al. conducted
a systematic literature review and concluded that no evidence could be
extracted about optimal force levels and that more studies are required.
© Most elastomeric chain studies focus on the force needed for optimal

canine retraction. R.J. Nikolai presented that for a maxillary canine



210gm (2.1 N) and 365gm (3.6 N) should be sufficient for proper bodily
movement and crown movement, respectively. !9 Boester et al. looked at
force levels of 2, 5, 8, and 11 ounces. They concluded that the 2-ounce
group produced significantly less tooth movement than the others and
that there were no significant differences among the 5,8, and 11ounce

groups (1.4 N, 2.3 N, 3.1 N). @

When considering the duration of the applied force, orthodontic
forces can be described as being interrupted, intermittent and
continuous. To differentiate between the three, one needs to consider

the rate of decay of the applied force apparatus.

Interrupted orthodontic force levels decline to zero between
appointments and need to be reactivated to continue with desired tooth
movement. If this force level is light, then the tooth will only move a
small distance by frontal resorption and will then need to be reactivated
to get further movement. If the initial force is excessive and the tooth
moves by undermining resorption then the tooth will move rapidly once
this occurs. The important concept here is that the system needs time to
regenerate and repair before the force is applied again to prevent damage

to both the dental and osseous structures.

Intermittent forces can be described has having cyclic pattern of
activation and reduction to zero multiple times between scheduled
appointments. This type of activation is generally achieved by patient

activated appliances such as headgear wear and interarch elastics.

Continuous forces never reduce to zero and ideally are maintained
at some appreciable fraction between appointments. If the ideal amount
of force is maintained, then a smooth progression of movement should be
expected. If that force level is excessive and continuous then movement

will be limited until the undermining resorption can occur and then a



rapid movement will happen until compression of the tissue occurs again
and then the system will undergo another round of undermining

resorption. ®

1.2 Elastomeric Chain Composition

The actual applied strength of the elastomeric chains is affected by
both intrinsic and extrinsic factors. Extrinsic factors are generally
impossible to control. These include fluctuating temperature, pH,
salivary enzyme levels, mastication, and patients’ level of oral hygiene.
Intrinsic factors included such things as product shape and size,
production methods, and material composition. The exact compositions
are kept secret by the manufactures, but they are generally formed from
clear resin or polyurethane based polymers. *? These polymers have a
weak molecular attraction consisting of primary and secondary bonds
that initially display a spiral pattern. When the polymer is subjected to a
force the resultant deformation causes the molecular chains to unfold
into a linear pattern because of the weak secondary bonds. When the
force is released recovery of the initial pattern is possible because of the
cross linking. Permanent deformation occurs when the force applied is
greater and causes rupture of both the primary and secondary bonds. ¢*
9 Elastomeric chains are synthetic elastomers (usually referred to as

“alastiks”) that can be either thermoplastic or thermoset.

1.3 Physical Properties

1.3.1 Force Decay in Elastomers

There have been numerous studies describing the physical
properties of elastomeric chains dating back to the 1970’s. Comparisons
have been difficult to make due to differences in study designs and

changing materials.



Andreasen and Bishara compared synthetic (Alastiks) elastomeric
chains to rubber (latex) elastics. They found that after 24 hours that
elastic chains loose 74% of their force levels and for the remaining 3
weeks a total rate of decay of only another 8%. Therefore, they were
considered to maintain a reasonably constant force level. This led them
to suggest that since the initial force is much greater than the force
applied to teeth one hour later that we should choose elastics with four

times the wanted force levels. ¥

Hershey and Reynolds extended the time period to 6 weeks and
accounted for simulated tooth movements at a rate of 0.25 and 0.5mm
per week. Their results demonstrated that all modules lost
approximately 50% within the first 24hours and were able to maintain
an average of 40% of the initial force after 4 weeks and a very similar
level after 6 weeks. Simulated tooth movement led to an increase in the
rate of force loss. At a rate of 0.25mm one third of the initial force
remained after one month, while one quarter remained for the same time
period with a rate of 0.5mm. The observed substantial differences in the
initial force levels between the different companies led them to conclude
that a force gauge should be used to determine the initial loads of the

chains to determine proper applied force. @

Similar to Andreasen and Bishara, Wong found that synthetic
elastics had a 73% decay in force during the first day with a slower rate
over the next 21 days. More specifically he found that the greatest rate
of decay occurred during the first 3 hours. He also found considerable
variation in initial force delivery ranging from 641g to 342 g with all

reducing to an average of 171g after one day. 9

More recently Evans et al. evaluated the ability of elastomeric
chain (3M) to provide sufficient force to move teeth over a 16-week period

both in-vivo and in-vitro. It was a split mouth design where the chain



was replaced after 28 days on one side (altered) but not replaced and left
in for the full 16 weeks on the other (unaltered). They found that the
mean space closure at the altered sites was minimally greater than that
observed at the paired unaltered sites. The unaltered (16 week)
continued to move teeth from both a statistically and clinically significant
standpoint. After 16 weeks the chain displayed less than 100 g of force

but clinically continued to move teeth. 7

1.3.2 Thermoset vs Thermoplastic Elastomers

In 1985 Killiany tested the new synthetic elastomeric chain,
Energy Chain, from Rocky Mountain Orthodontics (RMO) and compared
it to American Orthodontics (AO) short loop chain. At the time it was not
known that RMO was in fact a thermoset chain. Force degradation tests
were conducted, and it was found that initially the plastic chain from AO
applied 375 g of force whereas the RMO chain delivered 330g. After 4
weeks the RMO chain still maintained 65.8% of its initial force vs only
33.4% for the AO chain. This demonstrated a significant improvement in

the manufacturing process and further development of chain material. ‘¥

Mirhashemi et al set out to compare elastomeric chains that claim
to offer memory (thermoset) vs traditional (thermoplastic) chains. They
took three brands AO, GAC, and Ortho-Technology. Force decay
measurements were obtained at various intervals over 4-weeks.
Additionally, they measured the amount of extension needed to obtain
200g forces. They found that traditional chains were significantly
different and retained ~30%-40% of force over the 4-week period.
Memory chains demonstrated more constant force and retained 60% of
the force. The memory chains required more elongation than traditional

chains to deliver the same force. This led them to conclude that memory



chains have superior mechanical properties but require more elongation
to deliver the same force. ®® Masoud et al. distinguished specifically
between thermoplastic and thermoset elastomeric chains. They obtained
one of each from AO and ORMCO. Similar to Mirhashemi, they
concluded that the thermoset chains decayed less than the thermoplastic
and this led them to suggest that a clear distinction be made between the

two. @ A study by Kardach et al. came to a similar conclusion. @V

1.3.3 The Effect of Manufacturing

Elastomeric chains can be manufactured either by injection
molding or die cut stamping. Bousquet et al. compared both types of
elastomers from AO in a split mouth design in vivo. They found that
there was no statistically significant difference over the 3-week period
and the mean remaining force of about 150 g was considered clinically
adequate for canine retraction. ®? Previously Hershey and Reynolds, in
an in vitro setting, found that injection molded power chains showed

more force decay than die cut stamped ones. ¥

Recently with improved technology Cheng et al. set out to develop a
surface treatment utilizing nanoimprinting for elastomeric chains to
alleviate their shortcomings. Reduction of elasticity is due mainly to
water absorption as well as surface discoloration and staining resulting
from food and beverages. Convex nanopillars were fabricated on the
surface of orthodontic power chains using an anodization process. This
resulted in a larger contact angle after surface treatment altering the
chain from hydrophilic to hydrophobic. The water absorption before
surface treatment was approximately 4% whereas after treatment the
rate varied from 2%-4%. They did not however study the effect on force

decay which limits the clinical applicability of this study. ¢



1.3.4 The Effect of the Environment on Force Decay

De Genova tested the effects of thermal cycling on force decay. He
discovered that the cycled group (15-37°C) had significantly less force
loss after 3 weeks than did the static temperature group of 37°C. This

difference was reported as only 7-10 g. ?%

Both Von Fraunhofer and Ramazanzadeh looked at the effects of
topical fluoride on force delivery. They both concluded that daily use
NaF does not affect the force delivery properties under conventional

orthodontic forces. @ (9

Behnaz studied the impact of agents in whitening toothpastes and
mouthwash on the force delivery of elastomeric chains. They concluded
that regular toothpastes have less adverse effect on chains when
compared to whitening toothpastes and that regular Crest showed the
least impact on chains when compared to Sensodyne toothpastes. ¢”) For
the mouthwash study they concluded that NaF and whitening
mouthwash could cause force decay with the whitening product

producing a more weakening effect. %)

Teixeira evaluated the effect of pH on elastomeric chains. They
immersed elastomeric chains in light Coke®, phosphoric acid, citric acid,
and artificial saliva. Similar to other findings the most significant
difference occurred within the first 24 hours, but the immersion
treatments caused no statistically significant difference in force when
compared to artificial saliva. ?® Nattrass et al. found the opposite effect
with Coke® in that it resulted in an increased decay in force levels while
Ferriter et al. found that an acidic fluoride environment reduced the level

of force decay. €03



1.3.5 The effect of Sterilization on Force Decay

Jeffries et al studied the effect sterilization with a 2% alkaline
glutaraldehyde solution would have on elastic properties of elastomeric
chains. Due to the heat sensitive nature of elastomeric chains
traditional sterilization procedures are not possible. They concluded that
glutaraldehyde could be used as an effective and convenient approach to

sterilize our elastomeric chains. ©?

Pithon et al considered the cytotoxicity of elastomeric chains after
sterilization by different methods. Given that elastomeric chains are very
susceptible to cross contamination and regularly used in orthodontics
this is an important topic. They investigated seven methods of
sterilization: alcohol 70; autoclave; glutaraldehyde; microwave;
ultraviolet; ethylene oxide and gamma rays. They found that sterilization
of elastics with ultraviolet, ethylene oxide and gamma rays does not alter
their cytotoxicity whereas alcohol 70, autoclaving, glutaraldehyde and
microwaving increased their cytotoxicity. One major downfall of this
study is that they did not evaluate the mechanical effects of sterilization.
Ultraviolet was shown to be the simplest and most accessible method

and presumably doesn'’t affect the physical properties. ¢

1.3.6 The Effect of Storage Media on Force Decay

Ash and Kikolai in 1978 examined the differences in performance
of elastomeric chains in vitro. They collected data for both in air and
water. They discovered similar relaxation patterns in both but after 30
minutes of continuous loading the chains exposed to a wet environment
exhibited significantly more force decay than those exposed to air only.
@4 Similarly both Kuster et al. and Wong showed more force decay in

chains placed in vivo compared to chains stored in air. ¢ @6



10

Many different formulas of artificial saliva have been used in power
chain studies. When comparing the effects of artificial saliva on force
decay with water there is some disagreement in the literature. Von
Fraunhofer et al showed that chains in artificial saliva required more
stretching to reach the required force after immersion as compared to
distilled water. ®® Whereas Andreasen and Bishara reported that there
was no statistically significant difference between the different mediums.

@ Baty et al. came to a similar conclusion. ¢®

1.3.7 The Effect of Pre-Stretching on Force Decay

Kim et al looked at the effect of prestretching on time dependent
force decay. They tested clear closed Ormco elastomeric chain
comparing a study group being prestretched to 100% of initial length
with a non-stretched control group. The prestretched group resulted in a
significantly lower initial force than the controls but after 1-hour similar
results were obtained in both. The rates and patterns from 1 hour to 4
weeks were very similar which led to the overall conclusion that the value
of prestretching is questionable. ¢ Baty et al in their literature review
concluded that the benefits were small and probably not clinically
significant given that the technique resulted in an increase in residual
force at 3 weeks of approximately 5%. With a 50% to 75% overall
reduction in force a 5% difference is probably of no clinical significance.
% Halimi et al. and Yagura et al. came to a similar conclusion in their

systemic review after looking at multiple studies. ¢ (2

1.3.8 The Effect of Different Ligation Designs on Force Decay

Different design mechanisms for canine retraction and associated
force decay was evaluated by Balhoff et al. for four different companies
using three different designs. Mechanism one was a 6-5-3 ligating each
loop over each bracket. Mechanism two was a chain loop: chain

stretched from first molar hook looping around the canine hook and
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attaching back to the molar hook bypassing the premolar hook.
Mechanism three was 6-3 stretching chain from first molar hook to
canine hook bypassing the premolar. For all companies the 6-3 design
had the smallest mean percentage force decay suggesting that this
design is the most efficient means of closing extraction spaces when
using elastomeric chains. The chain loop with ten units demonstrated

excessive levels of force. More loops were suggested. %

1.4 The Effect of Pigmentation

The question of the mechanical effects of fillers in the elastomers in
the form of color pigments has been questioned in the past. Williams et
al. discovered that when grey colored chains were compared to tooth
colored or white chains that the grey chains tended to show less force
degradation over time and that the tooth colored chains initially had

much larger force values. “?

Baty et al. compared four different colors by three different
manufactures that were stored in air, water, and artificial saliva. At time
0,1,4, and 24 hours, and weeks 1 to 3 the amount of distraction needed
to deliver both 150 g and 300 g was measured. They found that all
chains were initially able to generate acceptable forces. In general, it
took 3 mm of stretch to produce 150 g and 7 mm to produce 300 g. After
24 hours the amount of distraction needed to produce 150 g and 300 g
increased substantially and this varied among the companies. In
general, there was little difference between the colored chains of a
particular manufacture to the grey chain of that manufacturer. There
was one exception to this finding. Ormco purple and green chains
needed to be stretched more to reach the desired force and had a 15 %

and 21 % change at 3 weeks vs an 8 % change for grey and pink. ¢V



Renick et al. used the differences in glass transition temperatures
to determine differences between three different brands (RMO, Ormco,
and G&H) and three different pigments (grey, red, and purple) both
before orthodontic use and after being used on a patient for 4 weeks.
The force delivered by these elastomeric chains is related to their
molecular structure, and insight into this structure can be obtained by
measuring the glass transition temperature. The glass transition spans
a range of temperatures over which the solid polymer transforms from a

rigid glassy stage, experiencing only vibrational molecular movements, t
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o

a flexible rubbery state with coordinated molecular motions. The higher

the temperature range over which the glass transition occurs, the more
rigid is the polymer and results in generation of greater force during
orthodontic treatment. They found that the RMO brand was
approximately 17-25 degrees higher (more rigid) than the Ormco and

G&H elastomeric chains before orthodontic use. After orthodontic use

there were no significant differences for the Ormco or RMO products and

thus pigment would not be expected to alter mechanical properties. The

G&H product had significant differences between pigments. Prior to use

the differences were relatively small and would not be expected to affect
their initial mechanical properties. However, after orthodontic use, the
mean temperature was 15 degrees higher for the purple G&H chains
compared with the grey and red, which suggests that the former might
deliver higher forces. They do conclude that these findings should be

verified with controlled measurements of clinical force delivery. “?

Anthony et al. in 2014 compared force degradation of pigmented
and non-pigmented chains of three manufactures. The found that the
force delivery of the non-pigmented samples was significantly greater
than the pigmented chains for all three manufactures initially, after 24
hours and after 21 days of stretching with the red and green chain

coming in at the bottom. *®
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Both Macedo et al. and Wichai et al. looked at the effects of
pigment on the long-term elasticity of elastomeric ligatures. Although
not specifically elastomeric chains, these studies give us some
information on the potential effects of pigmentation on synthetic
polymers. Macedo et al. took 10 colors of ligature ties and stretched
them 4 mm, the approximate diameter of a central incisor bracket. They
found that similar to elastomeric chains they were not stable over time
after being stretched and immersed in media. They also discovered that
different colors displayed different behavior with deep pink, dark blue,
blue, purple, and light pink displayed the most stable while grey, deep
pink, silver, green, black and red displayed the least stability with red
being at the bottom of the pack. Y Wichai found significant differences
among each color of each brand. They tested clear, pink and metallic
ligatures and reported that generally pink exhibited the greatest force
decay. They stated that the overall quality of ligatures is related to a
combination of technology, technique refinement, and quality of the raw
materials used during manufacturing, but this is generally withheld.
Their results were similar to elastomeric chains in that they found 50 %-

60 % force loss during the first 24 hours. “9

1.5 Problem Statement

Since the introduction of orthodontic power chains, their level of
force delivery and degradation has been extensively studied. Effects of
manufacture, pH, sterilization, temperature, TS vs TP, and multiple other
factors have been investigated. With the demand for esthetic colors and
the advent of more effective materials there is limited information on the
effect of pigmentation on the initial level of force delivery and its

degradation over time.
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1.6 Purpose

The primary purpose of this in vitro investigation is to assess the
effect of pigmentation on the force degradation of elastomeric power
chains in different chain types and manufactures. This study was
performed over a period of 6 weeks in a simulated clinical scenario of
canine retraction after extraction of a first premolar. This information
will help identify which chain colors can most readily produce physiologic

and clinically efficient force levels, for orthodontic space closure.

1.7 Hypothesis

It is hypothesized that variation in pigmentation of orthodontic
power chains will result in a significant variation of force degradation

within different manufacturers and chain types.
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Chapter 2
2 Materials and Methods

2.1 Elastomeric Chains

The groups that were tested included closed chain donated from
American Orthodontics (AO)(Sheboygan Wisc, USA), Ormco (Orange
California, USA), and Rocky Mountain Orthodontics (RMO) (Denver
Colorado, USA). AO and Ormco are supplied in both thermoplastic (TP)
and thermoset (TS) forms while Rocky Mountain Orthodontics is supplied

exclusively in TS. Hence, five groups were selected for evaluation:
1. American Orthodontics thermoplastic power chains (ATP)
e Blue = ATPB
e Red = ATPR
e Yellow = ATPY
e Clear = ATPC
o Grey = ATPG
2. American Orthodontics thermoset power chains (ATS)
e Clear = ATSC
e Grey = ATSG
3. Ormco thermoplastic power chains (OTP)
e Blue = OTPB
e Red = OTPR

e Yellow = OTPY



16

e Silver = OTPG
4. Ormco thermoset power chains (OTS)
e Clear = OTSC
e Grey = OTSG
5. Rocky Mountain Orthodontics thermoset power chains (RTS)

Blue = RTSB

e Red = RTSR

e Yellow = RTSY
e Clear = RTSC
e Grey = RTSG

ATP chain was obtained in five colors, ATS chain in two colors, OTP in
four colors, OTS in two colors, and RTS elastomeric chains in five colors.
The TP chains were obtained in red, yellow, blue, grey, and clear except
for OTP which is not manufactured in clear. ATS and OTS closed chains
are only available in clear and grey while RTS was ordered in red, yellow,
blue, grey, and clear. The choice of colors was based on selecting the
three primary colors which conceivably could be used to produce the
other colors. Clear and grey were selected as they are commonly selected
as the neutral colors and the colors commonly provided in the TS form.
This results in a total of 18 different groups of elastomeric chains being
tested (Figure 1). Ten samples of each chain were prepared for a total of
180 samples. When requesting chain, the companies were asked to
provide the most recently manufactured chain to date so that expiry date
would not be of concern. The manufactured dates were within a few

months of one another. Once received, the chains were stored away from



light and extreme humidity in sealed bags in a cardboard box until

removed for testing. The chains were tested within one month of being

received. The full list of chains and associated catalogue numbers are

listed in Table 1.

Total
Sample

oTPB |

Figure 1: Total Sample comprised of 18 groups
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Manufacturer Catalogue Number Thermoplastic/Thermoset
Grey J00166 Thermoset
Clear J00120 Thermoset
LREIEkgy b e Red J00231 Thermoset
Orthodontics
Yellow J00267 Thermoset
Blue J00223 Thermoset
Grey 854-231 Thermoplastic
Clear 854-235 Thermoplastic
Red 854-280 Thermoplastic
American Orthodontics Yellow 854-340 Thermoplastic
Blue 854-308 Thermoplastic
Memory Grey 854-252 Thermoset
Memory Clear 854-255 Thermess:
Silver 639-0064 Thermoplastic
Red 639-0044 Thermoplastic
Yellow 639-0047 Thermoplastic
Ormco
Blue 639-0045 Thermoplastic
Generation II Grey 639-0001 Thermess
Generation II Clear 639-0002 Tieramnese

Table 1: Investigated Power Chains

2.2 Model Fabrication

A standard maxillary dentoform arch was impressed and poured
up in orthodontic stone. The model was sectioned to one half arch and
the first premolar was ground away to simulate a first premolar

extraction case. 3M (3M Unitek Orthodontic Products, 2724 South Peck
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Road, Monrovia, CA, USA) 022 APC Victory brackets were bonded to the
teeth. This model was then sent off to a local lab (Caley Orthodontic
laboratory, Waterloo ON, Canada) for scanning and duplication with a 3D
printed model. Models were printed using Formlabs 3D printer (Form 2
Model, Somerville MA, USA) and Grey Resin (RS-F2-GPGR-04) from the

same company (Figure 2).

Figure 2: 3D printed model with power chain stretched from canine to first molar

2.3 Testing Conditions and Data Recording

Before the sections were cut from the spools of chain, 12 units of
chain were discarded as there was evidence during the pilot study that
these end samples tested outside of the norm in each group. It was
hypothesized that this end chain segment could have been affected in
some way during the processing or packaging stage. This is just

conjecture and needs to be confirmed.

A 4-unit section of each chain is needed to stretch from canine to
first molar on the dentoform model ®®. A 6-unit section of each chain
was cut immediately before testing. This allowed for one extra unit on
each end for placement and removal to avoid damage to the functional

portion of the chain on cutting, placement and removal.

Before the chain was placed on the prepared 3D models each
section of chain was tested on a Universal Instron Machine (Instron

Model #3345; Norwood MA, USA) with a 10 N load cell. The functional 4-
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unit section was stretched 25mm at a crosshead speed of S0mm/min to
measure the initial level of force (Figure 3) (25 mm was the distance
measured on the model from center of the canine to center of the first
molar). The chain was attached to 3mm thick S hooks that were
sufficiently strong enough to securely hold the chain and a similar width
to a canine or molar bracket. The points of the S hooks were ground to a
dull point and polished to a high shine to aid in placement of the chain
on the hook and to avoid any undue damage to the chain. After this
initial reading, the chains were placed on the correspondingly numbered
3D printed model and immersed in distilled water. The models were
organized in their respective groups by placing them in one of 18 plastic
containers filled with distilled water that were labeled listing the
company, color, and type. Each plastic container had one elastomeric
chain group to avoid contamination from chemicals released in the water

and to aid in organization.

The containers were placed in an incubator (Great Lakes model
dryer #131400, Tonawanda NY, USA) and maintained at 379C. The
chains were removed as required for testing at 1 hour (T1), 24 hours (T2),
1 week (T3), 2 week (T4),4 week (TS) and 6 week (T6), and remaining
force levels were measured. Care was taken to ensure undue damage
was not inflicted on the chain during removal and insertion. After each
set of measurements, the distilled water was discarded, and the models

were immersed in fresh distilled water.
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Figure 3: Instron testing machine, A. Frontal view of power chain mounting hooks, B.
10 N Instron load cell, C. Great Lakes model dryer, D.

2.4 Pilot Study

Grey thermoplastic chain from American Orthodontics (ATOG) and
grey thermoset chain from RMO (RTSG) were selected to cover both TS
and TP chains. Testing was performed using the above specifications
and the study was run for 6 weeks. From this data a power study
calculation was performed to determine sample size. The alpha value
was set at 0.05 and the beta value at 0.8. Standard deviations of 0.92 N
(AO) and 0.12 N (RMO) were used since they were the highest values
obtained for each company. The value for significant difference was set
at 1 N which was justified based on the clinical significance of 15-20% of
a mean measurement of 6.8 N. Given these parameters a sample size of
9 was calculated but it was decided to use 10 to allow an extra specimen

per group in case of damage.
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2.5 Data Analysis

All recorded data was compiled into the statistical software
program SPSS version 24.0 (SPSS, Inc., Chicago, IL, USA). Descriptive
statistical information, including mean and standard deviations (SD) was
calculated for each chain group at every measured time point. Normality
and lack of significant outliers was confirmed with histograms and
boxplots. A 2-way Mixed Analysis of Variance (ANOVA) showed a
statistically significant interaction between chain group and timepoint on
force levels (p<0.001). After confirmation of this interaction, a One-Way
ANOVA was utilized to compare force levels between chain groups at
each timepoint, followed by a Tukey multiple comparison test. A
repeated measures ANOVA was also utilized to determine differences in
force level over time within each chain group, followed by pairwise
comparisons with a Bonferroni adjustment. Since previous research
literature has shown differences in force levels and decay over time
between thermoset and thermoplastic power chains, all statistical tests
were done separately for each chain type. Statistical significance was set

as p<0.05.
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Chapter 3
3 Results

3.1 Comparison of Thermoplastic Force Levels

There were significant differences in force levels between groups at
all time points tested (p<0.001). There were also significant differences
in force levels between time points within all the chain groups (p<0.001).
The pairwise comparisons with each chain manufacturer are described

below.

3.1.1 American Orthodontics TP

At the initial timepoint of TO, ATPY (7.4 N) delivered significantly
higher force levels than all other ATP chains except ATPG (p<0.001)
(Table 2). ATPR (6.7 N) delivered the lowest force values at this timepoint
(p<0.05). At T1, ATPR (4.3 N) maintained significantly lower force levels
than all other ATP chains at this time point (p<0.005). A trend of ATPR
and ATPB exhibiting significantly lower force levels than ATPY, ATPG and
ATPC was noted from T2 to T6(p<0.05). At the final timepoint of T6 ATPB
and ATPR each delivered 1.3 N of force, which was significantly lower
than the 1.5 N of force delivered by ATPY, ATPC and ATPG (p<0.05).
These results are presented graphically in Appendix G.

All timepoints within each chain group were significantly different
except ATPR, ARPY, ATPG and ATPC between timepoints T4-TS and
between TS5-T6. ATPR was also not significantly different at T3-T4. After
one hour the ATP groups delivered 62-65% of the original TO force levels
(Table 3). At T2 and T3 the drop-in average force levels was still
substantial at 32% and 23% of the initial force delivery, respectively.
From this point on force decay leveled out and settled at 19-21% at T6
depending on the group. Figure 4 displays the force decay for all TP
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chains combined. Individual force decay graphs for each chain can be

found in Appendix D.

TP Chain Force Decay Behaviour
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Figure 4. Thermoplastic Chain Decay Over Time

3.1.20rmco TP

Comparison of OTP groups at timepoint TO showed that OTPR (7.7
N) and OTPG (7.9 N) had significantly higher force levels to start than
OTPB (7.2 N) and OTPY (7.4 N) (p<0.001) (Table 2) (Appendix G). After
one hour of activation (T1) OTPG (5.9 N) maintained a significantly higher
force level than all other OTP groups (p<0.001), while OTPB (5.0 N)
maintained the lowest (p<0.001). From T2-T6 the same general order

was maintained with OTPR exhibiting significantly higher force levels
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than all other groups (p<0.001), OTPB significantly lower than all the
other groups (p<0.001) and OTPY and OTPG statistically equal and in
between (p<0.001). At 6-weeks (T6), the final force levels delivered were
2.7 N for OTPR and 1.8 N for OTPB.

All time points exhibited significant differences within each chain
group except for OTPB between T3-T4, OTPR at T4-T5/T5-T6, and OTPY
and OTPG at T4-TS5. At T1 the OTP group dropped to 70%-74% of its
initial force delivery on average, followed by 35%-50% at T2 and 29%-
42% at T3 (Table 4). From T4-T6 a leveling off occurred in the OTP
groups finishing off with 25%-33% remaining at T6. Individual force

decay graph for each chain can be found in Appendix E.

3.2 Comparison Thermoset Force Levels

There were significant differences in force levels between groups at all
time points tested (p<0.001). There were also significant differences in
force levels between time points within all the chain groups (p<0.001).
The pairwise comparisons with each chain manufacturer are described

below.

3.2.1 American Orthodontics TS

At TO, ATSC (6.5 N) delivered significantly higher force levels than
ATSG (6.1 N) (p<0.001) (Table 2). At T1 each delivered 4.4 N of force.
From T2-T6 ATSC was significantly higher than ATSG (p<0.001). At T6
ATSC delivered 2.7 N while ATSG delivered 1.1N. These results are
presented graphically in Appendix H.

Comparison of force levels within each group showed significant
differences at between all the timepoints except at T1 the ATS group
dropped to 68% of the original TO force levels for ATSC and to 71% for
ATSG (Table 3). At T2 and T3 the drop-in force levels were still high with
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averages of 58% and 50% of the initial force delivery, respectively. At T4
the disparity between ATSG and ATSC began to widen. ATSC maintained
the highest average with 48% while ATSC dropped to 42%. This trend
continued at T6 where ATSC finished with 42% while ATSG dropped to
17% of the initial force delivery (Figure 5). Individual force decay graph

for each chain can be found in Appendix D.

TS Chain Force Displacement Behavior
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Figure 5. Thermoset Chain Decay Over Time

3.2.20rmco TS

Comparison of Ormco TS groups showed no significant differences
between the OTSC and OTSG groups at all time points. At TO OTSG
delivered 6.2 N while OTSC delivered 6.1 N (Table 2). At T1 both chains
decreased to 4.4 N. This trend continued where at T6 both delivered 3.0
N of force (Appendix H).

Comparison of force levels at each time point showed significant
differences between all the timepoints except for OTSC at T4-TS and T5-
T6 and OTSG at T5-T6 (p<0.005). At T1 the OTS group dropped to 71%-
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72% of its initial force delivery on average, followed by 59%-60% at T2
(Table 4). From T3-T6 a leveling off occurred with both chains finishing
at 49% of the initial force delivery (Figure 5). Individual force decay

graph for each chain can be found in Appendix E.

3.2.3 Rocky Mountain Orthodontics TS

At the initial timepoint of TO, RTSC (7.0 N) delivered significantly
higher force levels than all other RTS chains except RTSG (p<0.001)
(Table 2) (Appendix H). RTSB (6.4 N) delivered the lowest force value at
this time point. At T1 RTSC (4.8 N) and RTSG (4.7 N) maintained their
significantly higher force values than all other chains (p<0.001). RTSB
and RTSR tied with 4.4 N for the lowest delivered force value at this time
point. At T2 and T3 RTSG delivered significantly higher force levels than
all the other RTS chains (p<0.001) while RTSB was the lowest but not
statistically different from RTSR. From T4-T6 RTSB maintained this
position with force levels of 3.0 N, 2.8 N, 2.3 N and 1.8 N respectively
(p<0.001). At T6 RTSG (2.3 N) and RSTR (2.3 N) were statistically higher
than all other chains (p<0.001).

Comparison of force levels at each time point showed significant
differences between all the timepoints except RTSR between T3-T4. At
T1 the RTS group dropped to 67%-70% of its initial force delivery on
average, followed by 52%-56% at T2 and 47% -50% at T3 (Table 5). From
T4-T6 a leveling off occurred finishing off with force decays of 28%-35%
at T6 (Figure 5). Individual force decay graph for each chain can be
found in Appendix F.
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TS
Blue Red Yellow Grey Clear Clear Grey Clear Grey
Initial (T0) | 6.4(0.10) | 6.6 (0.10) 6.5 (0.10) 6.9 (0.10) 7.0 (0.16) 6.5 (0.07) 6.1 (0.14) 6.1(0.06) | 6.2(0.07)
1Hour (T1) | 44(0.06) | 4.4(0.07) | 45(0.09) | 47(0.08) | 48(0.12) | 4.4(0.07) | 44(0.10) | 44(0.06) | 4.4(0.12)
1Day(T2) | 35(0.05) | 3.6(0.06) | 36(0.09) | 38(0.06) | 3.7(0.05 | 3.8(0.07) | 36(0.07) | 3.6(0.07) | 3.7(0.11)
1 Week (T3) | 3.0(0.06) | 3.1(0.05 | 3.1(0.05) | 3.4(0.08) | 33(003) | 33(0.07) | 31(0.11) | 3.3(0.05 | 3.4(0.10)
2 Week (T4) | 2.8(0.05) | 29(0.05) | 29(0.05) | 3.1(006) | 29(0.05 | 31(.07) | 26(012) | 3.2(0.06) | 3.3(0.09)
4 Week (T5) | 2.3(0.10) | 3.0(0.05) 2.6 (0.10) 2.7 (0.04) 2.4 (0.13) 2.9 (0.05) 1.6 (0.16) 31(0.10) | 3.1(0.10)
6 Week (T6) | 1.8(0.11) | 2.3(0.08) 2.0 (0.11) 2.3(0.07) 2.1(0.11) 2.7 (0.07) 1.1(0.18) 31(0.05) | 3.0(0.12)
TP AO Ormco
Blue Red Yellow Grey Clear Blue Red Yellow Grey
Initial (TO) | 7.0(0.11) | 6.7(0.08) | 7.4(0.09) | 7.3(0.07) | 6.9(0.09) | 7.2(0.19) | 7.7(0.12) | 7.4(0.19) | 7.9(0.16)
1Hour (T1) | 45(0.08) | 439(0.07) | 46(0.08) | 46(0.08) | 44(0.08) | 50(0.10) | 55(0.11) | 53(0.11) | 5.9(0.09)
1Day (T2) | 22(0.07) | 22(0.05) | 24(0.09) | 23(0.06) | 2.3(009) | 26(0.10) | 3.9(0.21) | 3.3(0.18) | 35(0.12)
1 Week (T3) | 1.6(0.06) | 1.5(0.05) | 1.8(0.09) | 1.7(0.05) | 1.7(0.05) | 21(0.08) | 3.3(0.00) | 3.0(0.11) | 3.0(0.10)
2 Week (T4) | 1.4(0.07) | 1.4(0.07) | 1.6(0.05) | 1.6(0.04) | 1.6(0.04) | 1.9(0.07) | 2.9(0.15) | 27(0.12) | 2.8(0.10)
4 Week (T5) | 1.4(0.08) | 1.4(0.05) | 1.6(0.05) | 1.6(0.05) | 1.5(0.06) | 1.9(0.07) | 2.9(0.15) | 26(0.12) | 2.7(0.12)
6 Week (Te) | 13(007) | 13(0.09) | 15(006) | 15(0.06) | 15(0.07) | 18(0.12) |27(014) |24(010) | 26(0.10)

ts (with Standard Deviation in

ime poin

Average Force levels at all t

Table 2

Parentheses) separated by TS and TP.
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1 Hour (T1) 1 Day (T2) 1 Week (T3) 2Weeks (T4) 4 Weeks (T5) 6 Weeks (T6)

Blue 64 31 23 21 20 19
Red 64 31 22 21 21 20
el 63 33 24 22 21 20
Grey 62 32 24 22 21 20
Clear 65 34 25 23 22 21
TS Clear 68 58 51 48 44 42
TS Grey 71 59 50 42 26 17
Average 65 39 31 28 25 23
Average TP 64 32 23 22 21 20
Average TS 70 58 50 45 35 29

Table 3. Percentage of Initial Force Remaining for AO Elastomeric Chains at

Different Time Intervals

1 Day (T2) 1Week (T3) 2Week (T4) 4 Week (T5) 6 Week (T6)
Blue 70 35 29 27 27 25
Red 71 50 42 37 37 35
vellow 72 45 40 36 36 33
Silver 74 44 38 35 34 33
TS Clear 71 60 54 53 50 49
TS Grey 72 59 55 53 51 49
Average 72 49 43 40 39 37
Average TP 72 44 37 34 34 32
Average TS 72 59 55 53 51 49

Table 4. Percentages of Initial Force Remaining for Ormco Elastomeric Chains at
Different Time Intervals



RMO Blue 70

1 Day (T2)

1 Week (T3)

2 Week (T4)

4 Week (T5)

6 Week (T6)

30

RMO Red 67

RMO Yellow 70

RMO Grey 69

RMO Clear 68

Average TS

56 47 44 37 28
54 47 45 46 35
56 48 45 40 30
56 50 45 39 33
52 47 41 35 30
69 55 48 44 39 31

Table 5. Percentages of Initial Force Remaining for RMO Elastomeric Chains at

Different Time Intervals
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Chapter 4

4 Discussion

Multiple methods exist to provide force for the closure of
orthodontic spaces. ¥ @ &) No method is without its limitations or issues.
Elastomeric chains have long been a popular means of delivering forces
for orthodontic treatment. They are known to lose effectiveness with time
but are widely used due to their compatibility with soft tissues, minimal
insertion and removal time, adequate force levels, and ability to dismiss
compliance issues. @ © 49 With the increasing demand of esthetically
driven patients, the need for clinicians to provide color options for power
chains has increased.

This study is unique in its aim because it is the first to compare
the effects of pigmentation on both thermoset and thermoplastic power

chains between different manufactures.

4.1 Methodology

Clinically this study was performed in an in vitro environment
which removed the multiple uncontrollable confounding variables like
pH, temperature, mastication, etc. The results here only concern
themselves with the basic physical properties of the chains themselves in
a controlled environment of distilled water maintained at body
temperature and maintained at a set distance. These limitations need to
be considered when making a clinical decision. A few in-vivo studies
have been made that concluded that generally the effect of the oral
environment resulted in a decline of the force values when comparing

power chains exposed to in-vivo vs in-vitro conditions. @ 22 ¢4

Concerned about the importance of applying an adequate but
continuous force level, this study was designed to compare the force

delivery capabilities of different pigmentations of closed power chain of
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two chain types (thermoset and thermoplastic) from three
manufacturers. The question of the mechanical effects of fillers in the
elastomers in the form of color pigments has been questioned in the past.
(40) (41) (42) 43 1f supplied by the company, the 3 primary colors; red, yellow,
and blue plus clear and grey in both TP and TS forms were tested. This
selection was based on inclusion of the three primary colors while also
including the most common neutral colors; grey and clear. This resulted

in a total of 18 different chains.

The force values were obtained after being stretched a distance of
25 mm to simulate a first premolar extraction case as measured on a
standard dentoform. The chains were attached to dentoform reproduced
3D printed models from first molar to canine as per Balhoff et al. who
indicated that this is the most efficient means of closing extraction
spaces with chain. ®® There is great variation of force delivery between
elastomeric chains kept in wet environments and those kept in dry
environments. For this reason, the power chains used in this experiment
were kept in a wet medium. ‘® Y Baty et al. and Andreasen and
Bisharea determined that there were no clinically important differences
in the force delivery properties after storage in water or artificial saliva.
6 4 S0 between measurements the stretched chains were submersed in

distilled water and maintained at 37°C to simulate the oral environment.

Chains were tested at time points initial, 1 hour, 1 day, 1 week, 2
weeks,4 weeks, and 6 weeks. These time points were chosen to
understand the changes that occur over time between adjustment
appointments while also comparing the results obtained by multiple
other studies that found a drastic initial force decrease with an eventual
leveling off. (46) (27) (28) (26) (29) (22) (30) (1) 1) (18) 24) B4 The 4 and 6-week time

points was also chosen as an end points given that it is common today
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for many clinicians to place patients on 4-6-week adjustment

appointments, when these chains can be replaced.

4.2 Force Levels

The phenomenon of stress relaxation is of particular interest in the
case of elastomeric materials. This can be partially explained as the
slippage or re-arranging of the molecules while under tension at a fixed
distance. These polymers also undergo permanent deformation due to
the weak molecular attraction because of the primary and secondary
bonds that can be broken with force levels that exceed the limits of these
bonds. ¥ 1 One would expect clinically, the combination of these effects
to have a detrimental effect and negate the usefulness of elastomeric
power chains. The opposite appears to be the case. This combination of
relaxation and deformation work to the clinician’s advantage by quickly
reducing the large force levels seen on the initial application of the power
chain. If this rapid and dramatic decrease didn’t occur, then the
formation of hyalinized tissue and undermining resorption would occur

and hinder tooth movement. ©®

Initially all chains delivered force levels above what is considered
the upper limit of a physiologically acceptable force of 3.6 N. t9 @D Also
the TP group initially delivered higher levels of forces when compared to
the TS group. Both the TP and TS groups generally dropped to
acceptable levels around T2, but the TS groups were much closer to this
limit. After 1 hour all chains were performing at approximately 70% of
their initial force. This is in agreement with multiple other studies. ® (0
) @n general, all chains tended to decrease at each time point, but the
decrease was larger for the TP groups up to the first day when this trend
continued with a gradual yet steady decline of applied force levels up to
T6. Whereas the TS groups exhibited a more gradual and continuous

decrease in force values while maintaining overall higher force values. At
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T6 the TP group in general finished closer to the lower limit of what is
considered physiologically acceptable (1.4 N). The TS groups generally
finished closer to the mid-high range of the acceptable limits. This is

similar to the results discovered by other studies. (0 (19 (18,36) (22) (24) (42)

4.3 Effect of Color

In the TP group at every time point both the blue and red chains
from AO were generally at the bottom of the delivered force values while
red and grey from Ormco were at the top. It is interesting to see that the
red pigment can be at both the high and low ends of the spectrum. The
blue chains either tied or delivered the lowest value in each of the
manufactures from T2-T6. Generally, the pigmented chains exhibited a
lower force value than the non-pigmented chains over all time points but
there was no clear pattern in forces delivered between pigments and

companies.

In the TS group the same general comments can be made with the
pigmented chains delivering lower force values over all time points. The
clear and grey chains generally were at the top of each time point, but it
must be kept in mind that the only company that makes TS pigmented
chains is RMO. The blue pigmented chain again demonstrated a
significant decrease in force from TO-T6. In this group the grey chain
from AO was at the bottom of all the chains and showed a drastic
decrease in force from T4-T6. This result was in agreement with the

results shown by Mirhashemi et al. @9

The variations found in this study regarding the different colors
suggest that the different kinds of pigment used in the elastomers may
change the chains behavior backing up the findings of multiple other
investigators. They demonstrated differences between some brands of

power chains and explained it as being the result not only of the pigment



35

added, but also the manufacturing technique employed. The differences
in the behavior of the different colors could influence the clinician’s
choice to provide pigmented chains to their patients. They may decide to
only use non-pigmented chains in the hope of providing the most

clinically efficient service to their patients. 3 (42) (40) (44) (41)

4.4 Effect of Manufacturer

In general, there was a clear distinction in the TP group with
respect to manufacturer. Ormco generally delivered higher force levels at
all time points when compared to AO. This effect was seen at TO and

was maintained to T6.

In the TS group at TO Ormco generally delivered lower forces than
did RMO and AO. At T1- T4 all the chains were generally equal
regardless the manufacturer. At T5-T6 Ormco generally maintained its

force value while the others continued to gradually drop off.

4.5 Clinical Applications

All chains except the ATSG (1.1N), ATPB (1.3N) and ATPR (1.3N)
delivered within the range of effective forces (1.4N -3.6N) after the period
of 6-weeks. Within our sample the OTSG (3.0 N) and OTSC (3.1 N) would
allow the clinician to deliver forces at the higher end of the spectrum of
acceptable levels at T6. Given the variation in forces delivered by the
pigmented chains it would seem prudent to limit your choices to the non-
pigmented options. When considering TS vs TP this study is in
agreement with other studies and leads us to choose the TS varieties.
The TS chains generally deliver a lower initial force level, albeit still
greater than the upper acceptable limit. After the initial time frame, they
tend to gradually decrease in force and at the 6-week time point generally
deliver forces closer to the higher end of the spectrum than the TP group.

TP chains tend to initially deliver forces which are much higher than TS
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and then generally decay and finish near the bottom of the acceptable

force limit for efficient tooth movement.

4.6 Clinical Significance

The question of clinical significance as it pertains to orthodontic
force levels is a difficult one to answer. With any given orthodontic
movement biological variables like bone thickness, bone density, and
individual physiologic cellular responses will vary. This leaves us
attempting to deliver forces within a given range that we have determined
to be clinically effective based upon a sample of the population. From
our pilot study we set a value of 1 N to signify clinical significance.
Looking at all time points the difference in absolute forces levels
delivered between groups ranges from 1.6 N (OTPG 5.9 N - ATPR 4.3 N)
at T1 to 2.0 N (OTSC 3.1 N - ATSG 1.1N) at T6. Clearly this is greater

than our 1 N value and signifies clinical significance between chains.

4.7 Limitations of this Study

The major shortfall of this study is that the in vitro experimental
design does not recreate the dynamic interactions that occur intra-orally
between the oral environment and power chain. Due to the numerous
thermal, chemical, and mechanical considerations that can vary from
patient to patient this study did not attempt to replicate or recreate these
effects. This in-vitro study provided a controlled environment that
allowed a direct comparison of the effects of pigmentation, material and

manufacturer.

The inability to compare the chemical composition of these

materials and the pigmentations they use due to company trade secrets.

The stretch distance was not adjusted to account for natural tooth

movement as would be seen in-vivo.
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4.8 Strengths of this Study

The primary strength of this study was the in-vitro design that
avoided multiple confounding variables. It allowed us to recreate the
retraction of a canine in a first premolar extraction site. We used 3 of the
most popular chain manufacturers that have a large market share and
have been included in multiple studies in the past. The effects of
pigments on both thermoset and thermoplastic chains was tested as they
have different chemical compositions and may respond differently. To
our knowledge this was the first study to conduct this comparison. We
tested five different pigments, two standard and three primaries to cover
a broad range of colors that which conceivably could be used to produce
the other colors. The study was also carried over a 4-6-week period
which is a standard time frame between standard adjustment

appointments.

4.9 Suggestions for Future Research

Future force degradation studies including complete testing of all the
available colors of a particular company’s power chain would assist in
the proper evaluation of the effects on pigmentation on performance of
elastomeric power chains. Within this study it would allow us to
determine if there is any association with the primary colors. Chemical
analysis to determine the exact nature of the material would allow for
comparison of different chain material design between companies. All
future studies that evaluate the above-mentioned factors would assist
the practitioner in selecting, with confidence, a power chain that would

provide the most clinically efficient chain possible.
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Chapter 5

5 Conclusions

The effect of pigmentation on power chains from three different
manufactures in both thermoset and thermoplastic forms were tested for
force degradation over a period of 6 weeks. The following conclusions

were made.

1. Pigmentation plays a significant role in force levels and
degradation over time, but the pattern was not consistent across

all manufacturers and chain types tested.

2. Chains containing blue pigment degraded more over time than the
other primary colors in the majority of manufacturers and chain

types tested.

3. Most chains tested, after 6 weeks, still provided forces in the 1-3 N
range which is clinically accepted to provide adequate force for

orthodontic tooth movement.
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Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.3 4.5 3.5 3.0 2.8 2.3 1.8
2 6.4 4.4 3.6 3.0 2.8 2.1 1.6
& 6.4 4.5 3.6 3.0 2.8 2.2 1.6
4 6.4 4.5 3.5 2.9 2.8 2.4 1.9
5 6.2 4.4 3.5 2.9 2.8 2.4 1.8
6 6.2 4.4 3.5 2.9 2.7 2.4 1.9
7 6.3 4.4 3.5 3.0 2.8 2.4 1.9
8 6.4 4.3 3.5 3.1 2.8 2.4 1.8
9 6.4 4.4 3.6 3.0 2.9 2.3 1.8
10 6.5 4.4 3.5 3.0 2.8 2.3 1.8
Red
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.8 4.4 3.6 3.1 2.9 3.0 2.3
2 6.6 4.5 3.6 3.1 3.0 3.0 2.3
3 6.5 4.4 3.6 3.1 2.9 3.0 2.2
4 6.6 4.4 3.6 3.1 3.0 3.1 2.2
5 6.7 4.5 3.6 3.1 3.0 3.1 2.4
6 6.6 4.5 3.6 3.1 2.9 3.0 2.3
7 6.5 4.5 3.5 3.1 2.9 3.0 2.4
8 6.5 4.3 3.5 3.0 2.9 3.0 2.3
9 6.5 4.4 3.5 3.0 2.9 3.0 2.2
10 6.6 4.5 3.7 3.1 3.0 3.1 2.4
elo
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.5 4.5 3.6 3.2 2.9 2.7 2.1
2 6.5 4.7 3.7 3.1 2.9 2.4 1.8
3 6.4 4.6 3.7 3.1 2.9 2.5 1.9
4 6.4 4.6 3.6 3.1 2.9 2.5 1.8
5 6.5 4.5 3.6 3.1 2.9 2.6 1.9
6 6.5 4.5 3.6 3.1 2.9 2.7 2.1
7 6.5 4.4 3.6 3.2 2.9 2.6 2.0
8 6.5 4.5 3.7 3.2 3.0 2.6 1.9
9 6.5 4.4 3.4 3.1 2.8 2.6 2.0
10 6.6 4.5 3.6 3.2 2.9 2.7 2.0
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.9 4.7 3.8 3.4 3.1 2.6 2.2
2 6.9 4.6 3.7 3.3 3.1 2.6 2.2
& 7.0 4.7 3.9 3.5 3.1 2.7 2.3
4 6.8 4.8 3.8 3.5 3.1 2.7 2.3
5 7.0 4.7 3.8 3.4 3.1 2.7 2.4
6 6.9 4.8 3.8 3.4 3.1 2.7 2.3
7 7.0 4.9 3.8 3.4 3.2 2.7 2.4
8 6.8 4.8 3.8 3.4 3.0 2.7 2.3
9 6.8 4.7 3.9 3.5 3.2 2.7 2.3
10 6.7 4.7 3.9 3.6 3.1 2.7 2.3
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.2 4.8 3.6 3.3 2.9 2.2 1.9
2 6.8 4.9 3.7 3.4 2.9 2.3 1.9
3] 6.7 4.8 3.6 3.3 2.8 2.4 2.1
4 6.9 4.7 3.6 3.3 2.8 2.4 2.1
5 7.1 4.8 3.7 3.3 2.8 2.5 2.1
6 7.0 4.9 3.7 3.3 2.8 2.6 2.2
7 6.9 4.8 3.6 3.3 2.9 2.5 2.2
8 7.1 4.7 3.7 3.3 2.9 2.5 2.1
9 7.1 4.5 3.7 3.3 2.8 2.4 2.1
10 7.0 4.7 3.7 3.3 2.9 2.6 2.2
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Initial 1 hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.1 4.4 2.2 1.6 1.5 1.4 1.3
2 6.8 4.6 2.3 1.6 1.5 1.5 1.4
) 7.1 4.6 2.2 1.7 1.4 1.4 1.3
4 7.0 4.4 2.1 1.6 1.4 1.4 1.3
5 6.9 4.5 2.1 1.6 1.4 1.3 1.2
6 6.8 4.5 2.2 1.6 1.5 1.4 1.3
7 7.0 4.5 2.1 1.5 1.4 1.4 1.2
8 7.0 4.4 2.1 1.5 1.3 1.2 1.2
9 6.9 4.4 2.1 1.5 1.4 1.3 1.2
10 7.0 4.4 2.2 1.6 1.5 1.4 1.3
Red
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.6 4.3 2.1 1.5 1.5 1.4 1.4
2 6.7 4.4 2.1 1.5 1.5 1.4 1.4
3 6.7 4.3 2.0 1.4 1.3 1.4 1.2
4 6.7 4.2 2.1 1.5 1.4 1.3 1.4
5 6.7 4.2 2.0 1.4 1.4 1.4 1.3
6 6.8 4.3 2.1 1.5 1.4 1.4 1.4
7 6.6 4.2 2.1 1.5 1.4 1.4 1.3
8 6.7 4.2 2.0 1.4 1.3 1.3 1.2
9 6.6 4.2 2.0 1.4 1.3 1.3 1.2
10 6.5 4.3 2.1 1.5 1.4 1.4 1.4
ello
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.5 4.8 2.4 1.8 1.6 1.5 1.5
2 7.5 4.6 2.4 1.7 1.6 1.6 1.5
& 7.4 4.6 2.3 1.7 1.6 1.5 1.5
4 7.5 4.6 2.5 1.8 1.6 1.6 1.5
5 7.4 4.7 2.4 1.7 1.6 1.5 1.5
6 7.4 4.7 2.6 1.9 1.7 1.6 1.6
7 7.3 4.6 2.4 1.8 1.6 1.6 1.5
8 7.2 4.5 2.3 1.7 1.5 1.5 1.4
9 7.4 4.6 2.4 1.9 1.6 1.6 1.6
10 7.4 4.6 2.5 1.9 1.6 1.5 1.5
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.3 4.7 2.4 1.7 1.6 1.6 1.5
2 7.3 4.6 2.3 1.8 1.7 1.6 1.5
3 7.3 4.6 2.3 1.7 1.6 1.5 1.5
4 7.4 4.7 2.3 1.7 1.6 1.6 1.5
5 7.4 4.6 2.3 1.7 1.6 1.6 1.5
6 7.2 4.5 2.2 1.7 1.6 1.5 1.4
7 7.3 4.5 2.3 1.8 1.6 1.6 1.5
8 7.3 4.5 2.3 1.7 1.6 1.5 1.5
9 7.4 4.6 2.4 1.8 1.7 1.6 1.6
10 7.4 4.5 2.3 1.8 1.6 1.5 1.5
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.8 4.6 2.3 1.7 1.6 1.6 1.5
2 6.9 4.5 2.2 1.7 1.6 1.5 1.6
8 7.0 4.4 2.3 1.7 1.6 1.5 1.4
4 6.9 4.4 2.2 1.6 1.5 1.4 1.4
5 6.7 4.4 2.4 1.7 1.6 1.5 1.5
6 6.8 4.4 2.2 1.7 1.5 1.5 1.4
7 6.8 4.5 2.4 1.7 1.6 1.4 1.5
8 6.9 4.4 2.4 1.7 1.6 1.5 14
9 6.8 4.3 2.4 1.7 1.6 1.5 1.5
10 6.9 4.4 2.3 1.8 1.6 1.5 1.5
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Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 5.8 4.4 3.6 3.0 2.7 1.4 1.0
2 6.2 4.3 3.6 3.0 2.6 1.7 1.0
& 6.3 4.2 3.5 2.9 2.4 1.4 0.8
4 6.3 4.4 3.6 3.1 2.5 1.5 0.8
5 6.1 4.3 3.5 3.0 2.5 1.5 1.1
6 6.1 43 3.6 3.1 2.6 1.6 1.0
7 6.1 4.5 3.7 3.1 2.6 1.6 1.0
8 6.1 43 3.5 3.0 2.6 1.7 1.2
9 6.2 4.4 3.6 3.1 2.7 1.7 1.2
10 6.1 4.5 3.7 33 2.8 1.9 14
0
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.4 4.4 3.7 3.3 3.1 2.8 2.7
2 6.6 4.5 3.8 3.4 3.2 2.9 2.7
3 6.5 4.3 3.7 3.2 3.0 2.8 2.6
4 6.5 4.4 3.8 3.3 3.2 2.8 2.6
5 6.4 4.4 3.7 3.3 3.1 2.9 2.7
6 6.6 4.5 3.7 3.3 3.1 2.9 2.8
7 6.5 4.5 3.8 3.3 3.2 2.9 2.8
8 6.5 4.5 3.9 3.4 3.2 2.9 2.8
9 6.5 4.5 3.8 3.3 3.1 2.9 2.7
10 6.4 4.4 3.7 3.2 3.1 2.8 2.7
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Initial 1 hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.4 5.0 2.5 2.0 2.0 2.0 1.7
2 7.5 4.9 2.7 2.1 2.0 2.0 1.9
3] 6.9 4.9 2.4 2.0 1.9 1.9 1.7
4 7.1 5.1 2.4 19 1.8 1.8 1.6
5 7.0 5.1 2.6 2.1 2.0 2.0 19
6 7.1 5.0 2.5 2.0 1.9 1.9 1.8
7 7.3 5.1 2.6 2.1 2.0 2.0 1.8
8 7.2 5.1 2.6 2.2 1.9 1.9 19
9 7.4 5.2 2.6 2.1 2.0 2.0 2.0
10 7.2 5.0 2.6 2.1 1.9 1.9 1.9
Red
Initial 1 hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.9 5.4 4.0 33 3.0 3.1 2.7
2 7.8 5.6 4.2 33 3.1 3.0 2.8
3 7.7 5.4 3.5 33 2.7 2.7 2.5
4 7.8 5.4 3.7 33 3.0 2.9 2.8
5 7.7 5.5 3.7 33 2.9 2.8 2.7
6 7.8 5.6 3.9 3.3 3.0 3.1 3.0
7 7.8 5.7 4.1 3.3 3.0 2.9 2.8
8 7.5 5.6 4.0 33 2.7 2.8 2.6
9 7.8 5.4 3.8 3.3 2.7 2.7 2.6
10 7.6 5.5 3.9 3.3 2.9 2.9 2.8
S110)
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 7.4 5.3 3.5 3.0 2.7 2.7 2.5
2 7.5 5.3 3.6 3.0 2.8 2.8 2.5
3 7.7 5.3 33 2.8 2.5 2.6 23
4 7.4 5.3 3.5 3.0 2.7 2.7 2.5
5 7.1 5.1 3.1 2.8 2.5 2.5 2.3
6 7.2 5.2 33 3.0 2.7 2.7 2.5
7 7.5 5.3 33 3.1 2.7 2.7 2.5
8 7.4 5.1 3.0 2.8 2.5 2.4 2.3
9 7.1 5.4 3.4 3.0 2.8 2.7 2.5
10 7.4 5.4 3.3 3.0 2.6 2.6 2.5
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 8.0 6.0 3.7 3.1 2.8 2.8 2.6
2 8.0 5.8 3.6 3.0 2.9 2.8 2.7
3 8.0 5.9 3.5 3.0 2.8 2.6 2.5
4 7.5 5.7 3.5 2.9 2.7 2.7 2.5
5 7.9 5.9 3.5 3.0 2.8 2.8 2.6
6 8.0 5.9 33 2.9 2.6 2.6 2.5
7 8.0 5.9 3.5 3.1 2.8 2.8 2.6
8 7.9 6.0 3.4 2.9 2.6 2.5 2.4
9 7.9 6.0 3.6 3.1 2.8 2.8 2.7
10 8.0 5.9 3.4 2.8 2.7 2.6 2.5
0
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.1 4.3 3.7 33 3.2 3.2 3.0
2 6.0 4.4 3.7 3.4 3.3 3.1 3.0
3 6.2 4.3 3.6 3.2 3.1 2.9 2.7
4 6.1 4.4 3.7 33 3.3 3.1 3.0
5 6.2 4.3 3.5 3.3 3.2 3.0 2.9
6 6.2 4.6 3.8 3.5 3.4 3.2 3.1
7 6.2 4.5 3.8 3.5 3.3 3.2 3.1
8 6.2 4.4 3.5 3.3 3.2 3.0 2.9
9 6.2 4.2 3.6 3.3 3.2 3.0 3.0
10 6.1 4.5 3.7 3.4 3.3 3.1 3.1
Initial 1hr 24 hrs 1 week 2 weeks 4 weeks 6 weeks
1 6.2 4.4 3.7 3.3 3.2 3.1 3.0
2 6.2 4.4 3.6 3.4 3.3 3.3 3.0
8 6.1 4.3 3.5 3.3 3.1 3.2 2.7
4 6.2 4.4 3.7 3.4 3.2 3.2 3.0
5 6.1 4.3 3.6 3.3 3.2 3.0 2.9
6 6.1 4.4 3.7 3.3 3.2 3.2 3.1
7 6.1 4.5 3.6 3.4 3.3 3.1 3.1
8 6.0 4.4 3.7 3.4 3.2 3.1 2.9
9 6.1 4.4 3.6 33 3.3 3.0 3.0
10 6.1 4.4 3.6 3.3 3.2 3.1 3.1




Appendix D: Force Displacement Behavior AO
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AO Yellow (TP) Mean Force Values (N) at Measured
Time Points
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AO Grey (TP) Mean Force Values (N) at
Measured Time Points
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Appendix E: Force Displacement Behavior Ormco
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Force Value (N)
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Appendix F: Force Displacement Behavior RMO
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RMO Yellow (TS) mean Force Values (N)
At Measured Time Points
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Appendix G. Mean Force Plots at Each Time Point for TP Chains
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Time Point: 1 Day (T2)
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Time Point: 2 Weeks (T4)
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Time Point: 6 Weeks (T6)
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Appendix H: Mean Force Plots at Each Time Point for TS Chains
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Time Point: 1 Day (T2)
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Time Point: 2 Weeks (T4)
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Time Point: 6 Weeks (T6)
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