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ABSTRACT   
 
Quick A.N, Farella M. Johnson G. 
 
 

Orthodontic functional appliances for the correction of Class II malocclusions work 

by both dental and orthopaedic effects on the mandible.  In asymmetrical Class II 

malocclusions, unilateral appliances can be used to effect correction on the affected 

side.  Very little is known about the effect of functional appliances on mandibular 

kinematics in general, and to date, no data has been found on the effect of a unilateral 

functional appliance on mandible movement. 

 

Ten subjects were recruited for the study, five in a group with a bilateral fixed 

FORSUS® fatigue resistant appliance, and five with a unilateral FORSUS appliance. 

Three participants in the bilateral group were lost to the study, leaving seven 

participants in total. Where possible, jaw movement recordings were taken pre-

treatment, pre-FORSUS appliance placement (ie, after fixed appliances had been 

placed), pos-FORSUS removal, and post-treatment. Recordings were done using a 12-

camera opto-electric Eagle system that monitored movement of the lower jaw relative 

to the cranium by tracking reflective markers.  The mandible markers were mounted 

on a splint that rigidly fixed to the lower jaw.  Participants were requested to do two 

open-close movements, protrusion movement and both left and right lateral excursion 

movements.  Data were processed using a Butterworth filter and standardized to 100 

data points The data were exported to a spreadsheet, where maximum opening, 

protrusion and for the unilateral group, rotation around the vertical axis was assessed.  

Descriptive statistical analysis was used to assess the recordings. 

 

There was individual variation in the recordings, but results showed that the use of a 

unilateral FORSUS appliance does not appear to alter either open-close, protrusion or 

rotation.  Assessment of bilateral FORSUS was made difficult with only two 

participants completing the study, with both showing individual variation on both 

measures of open-close and protrusion.  In this group particularly, treatment effects 

may have confounded the recordings.  The placement of fixed appliances did not 
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influence mandibular kinematics, and there appeared to be little difference between 

repeat open-close recordings within any particular recording session. 

 

In conclusion, the results indicate that a unilateral fixed FORSUS appliance does not 

alter jaw function either during or post-orthodontic treatment. Further research is 

indicated with both unilateral and bilateral FORSUS appliances, especially with 

regards to mandibular kinematic with the appliance in situ. 
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Chapter 1. Introduction 
 

The profession of orthodontics is concerned with the correction of dental 

malocclusions (“bad bites”) which can be broadly classified into three main groupings 

based upon the relationship of how the upper first molar tooth occludes with the lower 

first molar tooth when the teeth are brought into normal contact.  This classification 

system was first proposed by Edward Angle (1907) and comprises three categories: 

Class I, where the molar relationship is considered normal; Class II, where there is a 

relative forward positioning of the upper molar relative to the lower molar, and Class 

III, where the lower molar is positioned relatively forward compared to the upper 

molar.  Under each category of malocclusion are numerous sub-categories depending 

on other features such as crowding, spacing, missing teeth, transverse inconsistencies 

(cross bites), soft tissue effects, habits and so forth.  The molar relationship also 

serves as a platform on which further characteristic attributes are observed for that 

particular type of malocclusion – for instance, in a Class III malocclusion, the 

supposition would be that all the lower teeth are positioned relatively forwards 

compared to the upper teeth, resulting in lower front teeth that would tend to protrude 

ahead of the upper incisor teeth (anterior cross bite), and upper to lower canine 

relationships that would mimic the molar relationship.  In order to more fully describe 

any particular malocclusion, the canine relationship and incisor relationship are also 

classified in much the same way as the molars, also using a Class I, II and III 

notation.  In a Class II occlusion, there are two sub-types, namely Class II division 1, 

characterized by upper incisor teeth protruding forward and creating an overjet, and 

Class II division 2, where the upper teeth are also positioned relatively forwards 

compared to the lower teeth, but the overjet is disguised by the upper incisor teeth 

tilting backwards (Bishara, 2006). 

 

Class II and Class III dental malocclusions often result from an underlying jaw 

imbalance that accounts for the dental presentation.  In the case of Class II 

malocclusions, it has been shown that it is a relatively set back mandible that is 

largely responsible for the malocclusion as opposed to the upper jaw and/or teeth 

being relatively too far forward (McNamara, 1981).  Correction of malocclusions by 

influencing growth of the jaws is known as orthopaedic therapy, and in the case of 

Class II malocclusions, treatment is directed at maximizing forward growth of the 
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lower jaw so as to reduce any actual or latent overjet and achieve a Class I occlusal 

relationship.  Both removable and fixed appliances (also known as functional 

appliances) can be used to achieve this aim, and are ideally placed just as the patient 

is about to commence their pubertal growth spurt, so as to capitalize on rapid growth. 

 

Functional appliances in a Class II correction apply an anterior force on the mandible, 

and this indirectly places stresses on the temporomandibular joint structure.  The 

influence of these stresses on jaw movement are largely unknown, particularly in 

instances where force application is unilateral.  

 



 3 

Chapter 2. Review of the literature – part 1 
 
 
2.1. Anatomy of the Temporomandibular joint 
 
A brief overview of the structure of the temporomandibular joint is presented, largely 

to orientate the reader to the complex anatomical structure of the joint, as well as its 

relevance to the analysis of mandibular motion.  This section is by no means 

exhaustive, and contemporary texts are available for more in-depth detail. 

 
 
2.1.1 The temporomandibular joint (TMJ) condyle 
 
The TMJ condyle is an important growth site of the mandible, and is of interest to 

orthodontic clinicians who need to take into consideration the effect of condylar 

growth on the mandible, and in particular, on the occlusion.  The condyle starts 

development in the ninth week in utero as a mass of ectomesenchyme at the posterior 

border of the developing mandible, which later undergoes chondrofication to form the 

cartilaginous mandibular condyle.  Viewing cross-sections of the condylar head under 

a light microscope, three cellular layers can be distinguished: the outer articular layer 

of fibrous connective tissue, a layer of proliferation composed of undifferentiated 

mesenchymal cells, and the deepest layer of cartilage, composed of chondrocytes and 

extracellular matrix.  The outer fibrocartilaginous layer and the proliferative zone can 

be considered as modified layers of fibrous and cellular periosteum respectively, and 

it is thought that the cartilage of the condyle is formed by a process of periosteal 

chondrogenesis (Meikle, 2002, pp 292-294).  There appear to be no distinguishable 

differences in size and shape between male and female condyles (Wish-Baratz et al., 

1996). 

 

The rate of condylar growth in humans has been suggested to be relatively uniform 

between the ages of 8.5 and 15.5 years by Baumrind et al (1992), although other 

studies have shown that the condyles exhibit a pubertal growth spurt (Björk, 1963; 

Hägg and Attstrom, 1992).  Björk’s values were calculated to be approximately 3 mm 

condylar growth per year during childhood, which increased to 5.5 mm per year 

during puberty, whilst Hägg and Attstrom (1992) showed an annual increase in 

condylar length of 3.7 mm per year prior to puberty, which decreased to 3.2 mm per 

year after the peak pubertal growth spurt.  Buschang and Santos-Pinto (1998) 
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demonstrated increased pubertal condylar growth in males and not in females, and 

quantified condylar growth in children and adolescents in two planes, namely 

between 9 -10.7 mm superiorly over a 4 year period (annualised to an average of 2.3 -

2.8 mm per year) and between 0.8 - 1.3 mm posteriorly (annualised to an average of 

0.2 – 0.3 mm per year).  These growth rates were assessed by overlaying on natural 

mandibular structures, and may not fully represent true condylar growth direction.  

However, Björk’s metallic implant studies (1972) showed clearly that there was wide 

variation in condylar growth direction, ranging from up-and-posterior to up-and-

anterior, with the majority showing a path that curved superiorly and anteriorly 

(measured relative to the implants situated in the “core” of the mandible). 

 

 
2.1.2 The articular disk 
 
The articular disk is positioned between the head of the condyle and the articular 

eminence of the temporal bone.  It is a cartilaginous structure of non-uniform 

thickness (Bade et al., 1994), and is able to move together with the condylar head 

along the articular eminence during jaw function (Rees, 1954).  The disk is connected 

to the condyle head and temporal bone by relatively loose fibrous structures, which 

collectively form the articular capsule.  There is additional strengthening on the lateral 

aspect by the temporomandibular ligament, which runs directly from the lateral aspect 

of the temporal bone to the neck of the condyle (Schmolke, 1994).  This ligament 

keeps the condyle close to the temporal bone on opening, and as the jaw opens, so the 

ligament tightens to act as a constraint to excessive movement (Osborn, 1989).  The 

posterior attachment of the articular disk is called the bilaminar zone, or alternatively, 

the retrodiscal pad. The bilaminar zone is composed of loose connective tissue that is 

highly vascularised, with superior and inferior laminae that attach to the 

squamotympanic fissure, the capsule of the TMJ and the condyle. It is considered that 

this retrodiscal tissue moves into the space posterior to the condylar head as the 

condyle translates anteriorly during opening, and at the same time, engorges with 

blood (Wish-Baratz et al, 1993).  In older individuals, the amount of dense connective 

tissue increases in the retrodiscal region, with an accompanying decrease in 

vascularity (Pereira et al., 1996). 
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Figure 2.1. Relative positions of the mandibular condyle in the glenoid fossa.  a) Jaw closed, with small 
retrodiscal pad b) Open mouth position, showing engorged retrodiscal pad occupying the space left by 
the anteriorly translated mandible. Black arrow: retrodiscal pad; white arrow: Lateral pterygoid muscle: 
articular disk; M: mandible. From Wish-Baratz et al, Archives of Oral Biology, Vol. 38, 265-8, 1993. 

 

As the shapes of the condyle head and the articular eminence are incongruent, it is 

proposed that the function of the disk is to increase the contact area between the 

surfaces, thus reducing the incongruency and enhancing joint stability (Williams et 

al., 1995; Koolstra and Eijden, 2005). 

 

The joint disk and the cartilage lining the articular surfaces are deformable, with a 

finite and non-linear elasticity (Beek et al, 2001).  These biomechanical properties 

have implications when considering joint movement, as it is likely that these tissues 

are compressed during opening by the action of the condyle pressing against the 

eminence, and uncompressed during an unloaded closing.  Indirect evidence is found 

in the different paths followed by the condyle on each of these phases of the open 
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close cycle, where the opening path lies superior to that of the closing path (Yatabe et 

al., 1997; Huddleston et al., 1999). When the articular disk is displaced anteriorly on 

one side of the mandible, condylar movement is not only reduced on the affected side, 

but also limits the range of movement on the non-affected side (Miyawaki et al., 

2001). 

 
 
2.1.3 The articular fossa of the temporomandibular joint 
 
The articular, glenoid or mandibular fossa is located on the inferior surface of the 

zygomatic process of the temporal bone.  Immediately anterior to the fossa is the 

articular eminence.  On the lateral aspect of the eminence is a small bony projection, 

called the articular tubercle, which serves as origin for the temporomandibular 

ligament (Moore, 1985).  The lateral part of the posterior articular lip of the articular 

fossa is thickened, and forms a cone-like projection called the postglenoid tubercle, or 

process.  It lies directly anterior to the external auditory meatus, and forms part of the 

posterior wall of the TMJ (Katsavrias and Dibbets, 2002), and is also a point of 

attachment of the superior retrodiscal lamina (Bell, 1982).  The postglenoid tubercle 

is found in the majority of human skulls (approximately 80%), and its growth ceases 

at approximately the time of puberty. The exact function of the tubercle is unknown, 

but it is hypothesized that it prevents direct impingement of the condyle onto the 

tympanic plate, although with the structure absent in approximately twenty percent of 

the population, this may arguably be too high for such an important biomechanical 

role (Katsavrias and Dibbets, 2002).  As with the condyle, there appears to little 

difference between males and females in terms of fossa size and shape (Wish-Baratz 

et al., 1996). 

 
At birth, the fossa eminence is largely flat, and as growth occurs, the articular 

eminence increases in steepness until approximately half the adult value is obtained 

by the time that the deciduous dentition has formed.  By the age of ten years, the 

eminence is seventy percent complete, and it is nearly fully developed by the age of 

twenty years (Katsavrias, 2002). During this time, the bone trabeculae of the 

eminence orientate themselves to cope with the increased stresses, and there is an 

increase in bone density (Ichikawa et al., 2007).  During growth, the fossa relocates in 

a downwards (approximately 1-2 mm) and backwards (approximately 2 mm) 
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direction (Buschang and Santos-Pinto, 1998).  The amount of posterior growth of the 

fossa is reported to be almost twice that of the posterior condylar growth. This growth 

pattern is an important consideration in Angle Class II patients, who, as a group, 

exhibit greater posterior fossa displacement (Agronin and Kokich, 1987; Droel and 

Isaacson, 1972; Anderson and Popovich, 1983; Hopkin et al., 1968), and associated 

posterior positioning of the mandible, leading to a retrognathia, thus contributing to 

the presenting Class II malocclusion. However, these studies are based on 

cephalometric analyses with their associated projection and measurement errors, as 

well on the assumption that the cranial base is a stable reference structure, and should 

be interpreted with caution.  The advent of three-dimensional imaging and computer 

assisted overlay techniques should allow true changes to be determined.  

 
 
2.1.4. Muscles acting on the temporomandibular joint 
 
Muscles acting on the mandible can be categorised into elevator (adductor) groups 

and depressor (abductor) groups.  The elevator muscles include the masseter, 

temporalis and the medial pterygoid, whilst the depressor group comprises mainly the 

geniohyoid, mylohyoid, lateral pterygoid and digastric.  Every muscle contraction that 

acts on the mandible can be described by three independent variables: the magnitude 

of force applied, the point of force application and the orientation.  The force 

produced by any contracting muscle will cause the mandible to translate along the line 

of action of the muscle, and to rotate about an axis perpendicular through it and 

running through the centre of mass of the body (Koolstra, 2002).  The translation 

component will be subject to restraints, such as muscle mass and/or the TMJ. The 

rotational effect about the axis through the centre of gravity has an opening effect on 

the contralateral side, although, when working in pairs, this effect is largely 

neutralized.  The rotational effect, for both elevator muscles and depressor muscles, 

has the effect of maintaining articular contact whilst the jaw is performing unloaded 

symmetrical jaw excursions (Koolstra, 2002). 

 

Various masticatory muscles have the ability to recruit different portions of the 

muscle mass for different tasks (Wood, 1986; Blanksma et al., 1992; Blanksma and 

van Eijden, 1995) and this may cause the line of action of any given muscle to vary 

(Koolstra and van Eijden, 1995).  The motorneurone pool associated with the human 
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masseter is partitioned into small motorneurone territories (McMillan and Hannam, 

1992), which assist in providing sensitive control of muscle function. The muscle 

fibre length also varies in different parts of the muscle and further fine control is 

governed by the behaviour of the motor-unit activity within the muscle itself, which 

varies regionally within the muscle mass (Eriksson et al., 1984).  Inhibition of jaw-

closing is controlled by strong inhibitory inputs from a variety of peripheral sensors, 

termed “exteroceptive suppression”  (Lund et al., 1983).  For example, when chewing 

crispy foods, the electrical activity of the chewing muscles will abruptly cease when 

the food breaks, thus preventing the jaw from closing too fast and potentially 

damaging teeth (Van der Bilt et al., 2006). 

 

Using mandibular modeling, Koolstra et al (2001) concluded that active muscle 

tensions did not appear to influence the maximum range of the mandible in any 

direction, and in further investigations, found that jaw-opening muscles did not 

contribute passive forces during jaw closing movements (Koolstra and van Eijden, 

1997a, b).  Individuals with strong masticatory muscles tend to exhibit a 

hypodivergent facial type, although the corollary is not necessarily valid – i.e. that all 

individuals with a hypodivergent facial type have strong muscles (Kiliaridis, 2006). 

 
 
2.2. Mandibular Movement 
 
Mandibular motion is made up of complex movements with six degrees of freedom, 

with the prime drivers for jaw movement being the active masticatory muscles 

(Koolstra, 2002).  Opening movement is a combination of rotation in the lower TMJ 

compartment, (between the condyle head and the articular disk) and translation in the 

superior compartment (between the articular fossa and the articular disk)(McKay et 

al., 1992; Gallo et al., 1997). Controversy exists as to whether movement is initially 

purely rotational, followed by a combination of translation and rotation to achieve 

maximum opening, or whether rotation is accompanied by translation right from the 

initiation of movement.  Early studies by Ulricht in 1896 concluded that the condyles 

generally translated immediately on the start of opening movement, but in a separate 

part of the study, established that the condyles could rotate about a single axis for the 

initial part of habitual opening (Ulrich, 1959). Later investigations cemented the idea 

of a terminal hinge axis (see below), around which the condyle would initially rotate, 
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before the translatory component was added (Brekke, 1959; Brotman, 1960). 

However, Ferrario et al (1996) concluded that there was no pure rotation at all, even 

within the very initial stages of opening, and this view was largely supported by Chen 

(1998), although he suggested that the first ten degrees of opening were dominated by 

rotation, with greater recruitment of translation as the opening cycle increased.  Using 

3D computer animation combining data obtained from MRI scans and kinematic 

recordings, Leader et al (2003) concluded that the condyle initially rotated within the 

fossa, then translated, although in the discussion section of the paper, stated that 

“typical mandibular opening began with the mandible simultaneously rotating in the 

sagittal plane and translating slightly anteriorly”.  This would therefore appear to 

support the concept of rotational dominance in the first stages of opening, with 

progressive recruitment of translatory movement as the task progresses. The degree of 

mouth opening is ultimately determined by the magnitude of the rotational component 

as opposed to the translational component (Ferrario et al., 2005). 

 
Maximum jaw displacement in any of the three planes is constrained by anatomical 

determinants; these vary between the different directions of movement and can be 

classified either as passive or active (such as muscle reflexes) (Posselt and Thilander, 

1962). When undertaking three dimensional modeling of the human TMJ, it has been 

found that horizontal movement of the mandible is predominantly limited by the TMJ 

ligaments, whilst passive tensions of the jaw-closing muscle influenced the vertical 

opening of the mandible (Koolstra et al., 2001), although not the closing movements 

(Koolstra and van Eijden, 1997a, b).  Pröschel and Morneburg (2000) determined that 

the kinematic point of rotation of the jaw during opening and the centre of the arc that 

these points followed during the movement cycle, corresponded well to the condylar 

and tubucular insertions of the condylar ligament, which provides circumstantial 

evidence between kinematic centres of rotation and the anatomical structure of the 

TMJ. 

 

The depressor muscles of the mandible are connected directly or indirectly to the 

hyoid bone, and this in turn can be displaced inferiorly by the action of the infrahyoid 

muscles.  The action of the infrahyoid muscles stretches the depressor muscles 

further, lengthening their possibilities for contraction, which in turn may assist in 

producing wider jaw opening (Muto and Kanazawa, 1996; Koolstra, 2002).  In 
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addition, mandibular opening is always accompanied by head-neck extension, and 

jaw closing by head-neck flexion (Eriksson et al., 1998, Miyaoka et al., 2004).  

Another study reported that head and neck movement accounted for approximately 

50% of the mandibular movement during opening, but was less for jaw closure.  

These movements also persisted in rhythmical jaw opening and closing cycles 

(Eriksson et al., 2000), suggesting a co-ordination between TMJ, atlanto-occipital and 

cervical spine joints. 

 

Retrusion of the mandible represents a distal displacement from the maximum 

intercuspal position (ICP) whilst guided by the opposing maxillary cusps, and 

incorporates a slightly inferior movement. The average value of the distance has been 

found to be 1.75 +/- 0.91 mm (Foglio-Bonda et al., 2006). 

 
Interestingly, for males and females, the amount of condylar translation does not 

correlate with mandibular opening during maximum opening tasks (Lewis et al., 

2001, Buschang et al., 2001), and this could only be ascribed to gender variation in 

overall mandibular length and morphology. 

 
 
2.3. Measuring and tracking mandibular motion 
 
2.3.1 Types of recording systems 
 
The ideal equipment to measure and record the mandibular motion should be non-

invasive, should not interfere with soft tissue, be simple to use, be non-restrictive to 

movement and be capable of recording the movement of the whole jaw (Aroldi, 

1994).  Historically, mandibular motion has been investigated using different systems, 

often reflecting the technology of the time. These include: 

• Mechanical (Posselt, 1957a) 

• Photographic (Ulrich, 1959; Wood, 1979) 

• Electromechanical (Knap et al., 1970) 

• Photo-electrical (Honee and Meijer, 1974) 

• Cinephotographic (Hickey et al., 1963) 

• Cineradiographic (Hamlet, 1997; Ostry and Munhall, 1994) 

• Magnetic (Athanasiou et al., 1992; Yoon et al, 2006; Yashiro et al., 1999, 

Yashiro and Takada, 2005; Foglio-Bonda et al., 2006; Ferrario et al., 2006) 



 11 

• Optoelectronic (Arioldi et al., 1994; Bhatka et al., 2004; Buschang et al., 

2000, 2001; Eriksson et al., 1998; Ferrario et al., 2005; Gallo et al., 1997; 

Häggman-Henrikson, 1998; Josefsson et al., 1996; Ostry et al., 1997; 

Wintergerst et al., 2004, 2006; Zafar et al., 2000) 

• Audio-electrical (Lindauer et al., 1995; Schwestka-Polly et al., 1999) 

 

The number of cameras employed in light-based motion analysis varies considerably.  

In order to record three degrees of freedom, a minimum of two cameras is required, 

and this has been used in several studies (Jempt and Karlsson, 1982; Kang et al., 

1993; Komiyama et al., 2003; Leader et al., 2003b; Miyawaki et al., 2005): although 

three have been used (Arioldi et al, 1994; Bhatka et al., 2004; Leader, 2003a,b), but 

other studies have included six (Ferrario et al., 2005; Nibe et al., 2006), seven 

(Josefsson, 1996) eight (Rohrle, unpublished data), or even 12 cameras (Johnson et 

al., 2007). The accuracy of motion analysis has been found to increase as the number 

of cameras increase (Johnson, unpublished data). 

 

An unusual system was used by Ostry and Munhall (1994):  This consisted of a low 

dosage microbeam x-ray scanner that could track radio-dense markers (round gold 

pellets, 2-3 mm in diameter) under the control of a tracking computer in two 

dimensions. Details were not available regarding expected overall exposure to the 

subjects during the trial, and furthermore, variation of pellet position in the third 

dimension added error that could not be adequately accounted for.  It is interesting to 

note that a subsequent study by the same author used non-ionising systems to record 

jaw movement (Ostry et al., 1997) 

 
 
2.3.2.  Markers and marker placement 
 
In order to follow the movement of the mandible, some form of identification point or 

points are necessary that can be tracked during the course of the activity by the 

recording system.  In early studies, simple ink marks on the skin (Ulrich, 1959) that 

could be captured by photographic images were used, but markers have generally 

become more refined in accordance with the development of more sophisticated 

recording systems. For instance, in the case of cineradiographic recording, round 

beads of gold that were temporarily glued to the surface of interest have been used 
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(Ostry and Munhall, 1994).  While magnets were employed as markers where 

changes in magnetic field were recorded (Yoon et al., 2006; Yashiro and Takada, 

2005; Foglio-Bonda et al., 2006), use of electromagnets was complicated by the 

necessity of connecting electric cables that were often found to be in the way.    

 

Generally, when considering placement of markers to the mandible for the purposes 

of tracking movement, hard tissue mounting to the teeth is preferred over soft tissue 

placement, due to the stretch effect of the tissue, which is an obvious source of error 

(Häggman-Henrikson et al., 1998). 

 

Many studies have used light emitting diodes (LEDs) to track mandibular motion. The 

LEDs were first introduced in 1977 by Karlsson (Karlsson, 1977; Arioldi et al., 1994; 

Buschang et al, 2000; 2001; Kohno et al., 2001; Komiyama et al., 2003), and have 

been described as “active” markers, in the sense that the marker itself generates the 

recording medium source (Josefsson et al, 1996). This system is complicated by the 

fact that wire leads to the LED’s need to be held out of the way, and may impede 

movement of the mandible, or affect soft tissue.  Furthermore, each LED needs to be 

activated with high frequency pulses that are synchronised with the detection system. 

These can cause electric interference of electrophysiological recording sites (e.g. 

electromyographic [EMG] recordings), although the synchronization does assist in 

tracking of specific markers (Josefsson et al, 1996). With more modern systems, 

wireless optoelectronic apparatus is now available, generally employing reflective 

markers that reflect stroboscobic or infra-red light (Johnstone et al., 2007; Josefsson 

et al., 1996; Eriksson et al., 1998, 2000; Leader et al., 2003b).  The drawback of such 

systems is the lack of precise electronic identification of individual markers through 

synchronisation, and the appearance of erroneous “ghost” markers from external 

reflective sources (Josefsson, 1996).  Usually these sources of error are eradicated by 

careful post-recording analysis of the data. 

 

Reference markers remote from the mandible are needed to detect its relative 

movement, and are often located on the upper dentition, via a similar splint design to 

that of the lower arch or, alternatively, are located on the head.  The location of skin 

markers poses practical problems regarding the stability of these reference markers, 

and various systems have been employed to ensure that the markers are as stable as 
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possible, including the use of eye glasses frames (Bhatka et al., 2004; Buschang et al., 

2000; Wintergerst et al., 2004, 2006; Buschang et al., 2001), skin markers on areas of 

low mobility, such as the forehead, bridge of the nose (Häggman-Henrikson et al., 

1998) or glabella (Ferraio et al., 2005), custom head frames (Ostry et al., 1997), head 

bands (Rohrle, unpublished data), and swimming caps (Leader, 2003b; Johnson et al., 

2007).   

 
2.3.3 Dental attachment 
 

Most studies that use hard tissue borne markers or reflectors use a splint (also termed 

a “clutch”) that is custom made to fit the study subject’s dentition. From a dental 

laboratory point of view, the easiest method of splint construction entails an acrylic 

splint that covers the occlusal surfaces, and which either uses passive retention via 

interdental undercuts (Leader et al., 2003b), or active retention by means of dental 

clasps.  The biggest drawback of such splints is the fact that any mandibular 

movement does not start from maximum intercuspation (MIC) and that the starting 

point is a function of the thickness of the splint.  In well-designed studies, care is 

taken that the splint is out of occlusion in order to eliminate any occlusal interference, 

and to ensure that any jaw movement does indeed start from maximum intercuspation 

(MIC).  Such splints are commonly bonded to the labial surfaces of the lower and or 

upper dentition (Ulrich, 1957; Buschang et al., 2000, 2001; Leader et al., 2003a,b; 

Häggman-Henrikson et al., 1998; Ostry et al., 1997; Yoon et al., 2006; Zafar et al., 

2000a).  

 

 

2.3.4 Accuracy 
 

Arioldi et al (1994) examined the accuracy of the JAWS 3D system, a frequently used 

opto-electronic system that uses LEDs to track movement.  They found that the 

overall error decreased when the distance between a recorded point and a landmark 

increased, and ranged from 0.11% to 1.33 % for linear distance.  The angular error for 

rotation did not exceed 0.7 degrees. Some studies have reported “noise”, quantified in 

mm, and has typically been in the region of 0.25 mm (Leader et al., 2003a,b; Yatabe 

et al 1995; Zwijnenburg et al., 1996), although the latter authors also reported on 

linearity (0.17 mm) and accuracy of calculated coordinates (0.27 mm).  In yet a 
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further method of accuracy reporting, Rohrle and Pullan (2007) found a linear 

distance standard deviation of 0.15 mm between rigidly fixed markers, although the 

distance between the markers was not specified. This is similar to the accuracy of 

other optoelectric systems, when detecting error of linear distance calculations 

(Wintergerst et al., 2004, 2006).  For repeat measures, Ferrario et al., (2005) found an 

intra-class correlation coefficient (ICC) of between 0.57 and 0.76 for the vertical 

component. Intra-session variability ranged from 1.2% for rotation and 4.2% for 

displacement.  Static calibration of the recording apparatus was no more than 0.09 

mm, which is similar to the 0.06 reported by Johnson et al. (2007), but less than the 

0.12 mm for the LED TRIMET system (Kohno et al., 2001) or 0.15 mm for the 

Gnathohexagraph LED optoelectric system (Miyawaki et al., 2001).  The kinematic 

motion analysis system used at for the present study employs a more applicable 

dynamic calibration, where error of moving markers are detected, and was determined 

to be less than 0.45 mm (Johnson et al., 2007; Milosavljevic et al., 2008). Angular 

error was determined to be 0.12 degrees. 

 

The error in electromagnetic recording systems appears to be a little higher than those 

for opto-electronic methods, and varies from 0.32 mm (Zhao et al., 2005) to 0.5 mm 

(Foglio-Bonda et al., 2006). One of the highest accuracies that has been reported is 

100 um using ultrasonic sensors attached to a head frame, and emitters bonded to the 

teeth: however, it was not stated whether this was dynamic or static accuracy (Enciso 

et al., 2003) 

 

Skin markers on the mandible have been used (Bhatka et al., 2004, Wintergerst et al., 

2004, 2006; Zafar et al., 2000b), but are prone to error effects from skin stretch, 

especially if placed on the chin (Häggman-Henrikson et al., 1998, Zafar et al., 

2000b). However, both groups also concluded that the temporal estimates of the 

mandibular movement were not affected, and were suitable for spacial analysis if 

intra-individual variation of 2 mm was allowed. Due to the skin stretch effect, vertical 

opening was under-estimated in open-close movements. 
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2.3.5 Post-processing of kinematic recordings 
 
Data from recordings suffer from a lack of smoothness, attributable to small 

vibrations and movements of the subject and or markers.  A second order Butterworth 

filter (Butterworth, 1930) is a mathematical function that can be used to 

mathematically smooth the data (Buschang et al., 2001; Ostry et al., 1997; Johnson et 

al., 2007; Pal et al., 2007).  Gallo et al (1997, 2000, 2005) used a nine-coefficient FIR 

filter which was dimensioned according to the Parks-McClellan method, and Yatbe et 

al (1995, 1997) and Zwijnenburg et al (1996) smoothed the noise of their recording 

using a least squares polynomial filter (third order) after Lanshammar (1982). 

 
2.3.6 Defining jaw axes 
 
The condyle cannot be visualized directly and thus the movement of each condyle 

head is often reconstructed from sensors placed directly or indirectly on the mandible.  

This raises the question as to which condylar point or points best represents their 

movement.  The literature is dotted with authors suggesting points that have some 

degree of clinical relevance versus those who argue more on a purely kinematic basis.  

The movement of any rigid three-dimensional body in space can be described fully by 

analyzing both translation and rotation in three planes or axes of any given point on 

the object.  Commonly, the three orthogonal axes of a Cartesian system are employed, 

and in the medical context, these axes are associated with the main anatomical planes 

– sagittal, frontal and axial (Koolstra, 2002; Nishijima et al., 2000).  Rotational 

movement is often described around a particular axis, but has also been described as 

yaw (side to side), pitch (up-down) and roll (left to right) (Baragar and Osborne, 

1984; Ostry et al., 1997).  However, the International Society of Biomechanics (ISB) 

has recommended a non-orthogonal floating axis coordinate system to represent the 

orientation between two body segments (Wu and Cavanagh, 1995). 

 

For an object moving linearly through space without rotation, the trace of any point 

on the object will be identical to any other point.  When the body is rotating in any 

particular plane, the numerical value of the arc rotation for any point in that plane will 

be the same, but the magnitude of the trace will vary for different points, depending 

on their distance from the axis of rotation.  The movement of any one particular point 

has no more meaning than another, unless it represents a point of some anatomical 
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interest (Peck et al., 1997; Naeije and Hofman, 2003). Koolstra argued that a single 

point, if used to describe the movement of a body, does not possess an orientation, 

and that rotation about axes through the point have no meaning.  The point can 

therefore have at most three degrees of freedom, which means that jaw movement 

cannot be reconstructed from the movement of the point, but that the movement of 

any point on the jaw can be reconstructed from the movement of the jaw (Koolstra, 

2002). 

 

The use of a body’s centre of gravity has appeal in the physical sciences, and has also 

been suggested for mandibular analysis (Hannam, 1991), although this point has little 

relevance, as it is strictly applicable to the free body in space, without the constraints 

of the soft tissue envelope. Thus, in the case of the mandible, the movement trace will 

be significantly influenced by the choice of reference point (Yatabe et al., 1995; Peck 

et al., 1997) and this creates difficulties when trying to compare different studies 

where there is often a variety of reference points used to represent condyle movement, 

and inter-study comparisons will only become feasible once a standardized reference 

point is used (Zwijnenburg et al., 1996). 

 

To assess the rotational component of mandibular motion, a number of axis locations 

have been described, and they can be broadly categorized into two main groups, 

namely those that are anatomically determined and those that are kinematically 

determined (Yatabe et al., 1995).   

 

 

2.3.7. Anatomically determined reference points 

 

The simplest form of anatomically determined point is palpation of the lateral pole of 

the condyle, with the assumption that this is a close representation of the site of 

interest.  This point has been used in a number of studies (Siegler et al., 1991; Naeije 

et al., 1995; Ostry et al., 1997; Komiyama et al., 2003; Ferrario et al., 2005; Yoon et 

al., 2006), but location of the point is often subjective, and due to variation in 

anatomical morphology, may differ between individuals (Zwijnenburg et al., 1996; 

Naeije et al., 2003; Peck et al., 1997).  In some instances, this variation could be as 

high as 5 mm (Yatabe et al., 1995; Zwijneneburg et al., 1996), with greater error in 
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the horizontal direction compared to the vertical (Peck et al., 1997).  This source of 

error was assessed in detail by Ostry et al (1994), who found that a shift in the 

location of the condyle centre resulted in some difference in the shape of the jaw 

motion path, but that the overall pattern of the movement was preserved.  The 

magnitude of the error depended on the jaw geometry, as well as the magnitude and 

direction of the erroneously located condyle point relative to the true centre of 

rotation. It also appears that there is less sensitivity of a shift of a condylar reference 

point in the anterior-posterior direction compared to a superior-inferior direction 

(Yatabe et al., 1995). 

 

Recognising that the condyle is a medio-lateral structure, Gallo et al. (1997, 2000) 

used the palpated lateral pole of the condyle in their studies, but then compensated for 

the width of the structure by adjusting their point 15 mm medially, to best represent 

the true anatomical centre of the condyle, a method that was also employed by Peck et 

al., (1997).  A further development of this theme was described by Johnson et al. 

(2007), who described mandibular motion from a single point midway between the 

palpated lateral poles of the condyles. 

 

In an attempt to standardize the condylar location more consistently, researchers have 

selected points around the condyle determined from more easily identifiable 

structures.  For example, Kang et al. (1993) selected a point 13 mm anterior to the 

external tragus, along the tragus-canthus line, and a similar point was chosen by 

Miyawaki et al (2005), although they moved the point 5 mm inferiorly to locate on 

the skin, and then moved the point mathematically 20 mm medially to represent the 

hinge axis. These points suffer from the same problem of anatomical variation 

between individuals as the palpated points.  Other studies have selected condylar 

points (which therefore represent condylar rotational axes) on the basis of x-ray 

images, such as the lateral cephalogram (Lindauer et al., 1995).  Using submento-

vertex radiographs, Rohrer et al. (1991) determined that the radiographic centre of the 

condyle was on average 5 +/- 2.7 mm distal and 25 +/- 3.3 mm medial to the palpated 

lateral condyle. More recently, the technological advances in medical imaging, 

including Magnetic Resonance Imaging (MRI) and Cone Beam Computer 

Tomography (CBCT) have been combined with mandibular kinematic studies to 

provide a true anatomical representation of the condyle during functional tasks 
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(Leader et al., 2003a,b; Gal et al., 2004; Baltali et al., 2008; Azuma et al., 2009; 

Enciso et al., 2003a). When CBCT imaging is employed, radiation exposure must be 

a consideration, and an accurate method of linking the kinematic data to the computed 

image is required. MRI analysis allows direct visualization of the anatomic structures 

of interest, but suffers from the drawback that imaging can only be done at intervals 

of approximately 2 seconds, and that natural movement cannot be replicated.  The 

most complete picture of movement can only be obtained by creating a collage of 

static images taken at different positions.  However, combination of data obtained 

from kinematic recording and 3D visualization – mainly limited to CBCT due to 

greater ubiquity of the machines – is creating a whole new field of individual specific 

animation that can be assessed for adequacy of function (Maki et al., 2003; Enciso et 

al., 2003a,b; Rohrle and Pullan, 2007; Weingartner et al., 1998).  Whilst combining 

the data from different sources may give rise to error, the system is free from 

conventional axes and their associated problems, although some standardized 

reference points will have to be determined in order to facilitate comparison. 

 

 

2.3.8. Kinematically determined reference points 

 

Kinematically determined condyle axes are created by assessment of the movement of 

the lower jaw to arrive at an axis location that best describes the rotational component 

of the movement.  This was recognized as far back as 1896 by Ulrich, who made 

mathematical calculations of the kinematic axes for each shift in position during 

mandibular opening (Ulrich, 1959, reprint), and who also documented the concept of 

an instantaneous axis of opening, which is the axis around which the mandible will 

rotate at any given instant. He concluded at that stage that the axis would be 

constantly shifting, but in a separate investigation also determined that at least in one 

subject (out of a total of three examined) there appeared to be a single axis around 

which the mandible would hinge on initial opening. Further evidence on the hinge 

axis theory was presented by McCollum and Stewart in 1921 (McCollum and Stuart, 

1955), and these researchers are credited with promoting the concept in the United 

States (Brekke, 1959; Beard and Clayton, 1981). Following the publication of studies 

by Posselt (1957a,b), who described in detail the opening paths of the jaw in the 

sagittal plane, the idea of a hinge movement became widely accepted.  Posselt’s 
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diagram showed that the initial phase of jaw opening was purely rotational in nature, 

and a priori must therefore rotate about a defined axis, which came to be known as the 

transverse hinge axis. Hinge-like movement was possible for approximately the first 

15-20 mm of jaw opening, measured at the incisors, which approximated the first 15 

degrees of rotation (Posselt, 2001), and it was stated that the hinge axis passed 

through the body of both condyles.  Similar studies on pantograph tracings have since 

confirmed Posselt’s results (Brekke, 1959).  

 

 
 
Figure 2.2. A diagram of mandibular movement, after Posselt. Source: Wilson PH, Baterjee A (2004).  
Recording the retruded contact position: a review of clinical techniques. Br Dent J 196, 395-402 
 

The diagram produced by the border movement of the lower jaw can be divided into 

four sections.  Starting from a position of maximum intercuspation, the first part of 

the curve represents pure rotation of the lower jaw, for approximately 10 degrees.  

Thereafter, the condyle starts to translate anteriorly, and the resultant second part of 

the curve represents a combination of both rotation and translation, until a point of 

maximum opening is reached.  As the diagram represents border movements, or 

maximum range of movement, the closing section of the diagram represents closure 
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whilst the lower jaw is in a maximally protruded position.  This terminates when 

occlusal contacts are made, resulting in a final horizontal part of the curve which is 

largely flat, and represents the linear retrussive movement of the condyles back to 

their starting point (Weingartner and Dillmann, 1997). 

 

A definition for the hinge axis was given in 1960 as: “the most retruded position of 

the mandible from which opening and closing movements can be made. When the 

mandible is opened and closed in the hinge axis position, it is possible to locate a 

centre of rotation – the transverse hinge axis” (Brotman, 1960, p. 436).  Clinically, 

this can be established by using a face-bow with two adjustable pointers in the region 

of the condylar heads.  The pointers are adjusted such that there is no translation (only 

rotation) when the jaw is opened and closed within a limited range.  Accuracy of 

hinge axis location using this method approximated 2 mm when using visual 

inspection (Kurth and Feinstein, 1951), although could be improved to approximately 

0.3 mm when using electrical equipment (Beard and Clayton, 1981). The hinge axis is 

thus clinically attractive, as it can be determined extra-orally on an individual basis, 

and duplicated on complex articulators in the laboratory. It is a reference line that has 

found favour with some research groups (Lewis et al., 2001, Buschang et al., 2001).   

 

Early studies by Trapozzano and Lazzari (1961) indicated that there may be multiple 

hinge axis points when using multiple stylus points as rotation indicators, although 

this in turn was disproved by Beard and Clayton (1981) when the method of recording 

was altered.  In a change of terminology, Chen and Katona (1999) referred to the 

hinge axis as the “instantaneous centre of rotation” or ICR, and argued that if the 

(rotational) movement is finite and planar, as in the movement of the mandible in 

“hinge axis” opening, then the ICR could be determined from two fixed points on the 

body. For pure rotation, the ICR approximates a true centre of rotation, but should 

there be any accompanying translation of the body, then a series of ICR’s would be 

created, forming a trajectory that is dependent on the rate of sampling increment used 

to determine the ICR.  Chen and Katona also suggested that due to these factors, it 

would be inappropriate to use the ICR to assess TMJ function from a clinical point of 

view. Apart from errors in measurements, the sampling increment could explain the 

vast variation seen in the literature when the ICR has been calculated for the TMJ, 

ranging from centres of rotation at the top of the condyle (Rubenstein et al., 1991), at 
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the neck of the mandible (Lepera, 1958; Lindauer et al., 1995), at the mastoid process 

(Sperry et al., 1982) and also forming a curve inferior to the border of the ramus 

(Chen and Katona, 1999). Lindauer et al. (1995) showed that the position of the ICR 

was variable between individuals, and that comparison was difficult. Chen (1998) 

determined that the ICR location approximated to the condyle region for the first ten 

degrees of opening (indicating a greater rotational component during this phase of 

movement), but that the location of the ICR moved inferiorly to the gross superior 

region of the ramus during greater opening.  This was disputed by Wall and Hylander 

(1999), who criticized the methodology of Chen on three accounts.  They concluded 

that the methodology used by Gallo et al (1997) was more sound (see below), and that 

their positioning for the ICR was more accurate.  A key element in the acceptance of 

the hinge axis theory is the recognition that there is pure rotational movement – at 

least for the first few degrees of opening.  As discussed previously, there is no 

uniformity on this issue just yet. 

 

The hinge axis theory was considered too simplistic following studies that showed 

that pure rotation does not exist, and that translation always accompanied rotation 

(Lindauer et al., 1995; Ferrario et al., 1996). This idea is not new, as the concept was 

known over 100 years ago as described earlier by Ulrich (Ulrich 1959), who 

concluded that “since the condyles start their forward movement immediately upon 

jaw opening, only a changing axis can be responsible for the opening movement”.  

These concepts were taken further by Kohno in the German literature (as referenced 

in Naeije, 2003), who described the movement of a moving axis, termed the 

kinematic axis, which is the point on the condyle that encompasses the narrowest 

trace during all movements, when projected onto the sagittal plane.  The kinematic 

axis moves along this line for all movements, and approximates two curved lines 

close together.  The shape of the curved line depends on the morphology of the 

articular eminence, the radius of the condyle-disk complex and the compression of the 

disk during tasks.  It was the compression of the disk that lead to the two-line trace – 

the higher line for opening, when the disk is compressed against the eminence, and 

the lower line for closing, when the compression is relieved.  This is also reported by 

other researchers (Koolstra and van Eijden, 1997b; Yatabe et al., 1997). The opening 

and closing traces could be made to coincide by applying a loading force to the chin 

on closing (Huddleston Slater et al., 1999), which supports the concept that there is 
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more joint space on closing compared to opening.  The fact that there is greater 

contact between the condyle-disk-eminence structures during opening may also 

explain why opening traces of jaw motion are more reproducible compared to closing 

ones (Yatabe et al., 1997; Gallo et al., 2000).  Joint disk space was found to be less on 

closing compared to opening in a study by Palla et al (1997), although this was based 

on 3D modeling and animation of the joint from MRI and kinematic data, which may 

not be sensitive enough to account for such small variations.  

 

The kinematic axis concept was adopted by other research groups (Morneburg and 

Pröschel, 1998; Pröschel and Morneburg, 2000), and was also slightly modified by 

Yatabe et al. (1995), to become the kinematic centre.  The difference in concept 

between the kinematic centre and the kinematic axis is small: the kinematic axis is 

defined such that all symmetrical mandibular movements lie within the narrowest belt 

possible of the sagittal tracing, where as the kinematic centre is reserved for 

compressive (of the disk) movements only, such as open-close or protrusive 

movements (Naeije, 2003), which is their stated preference for jaw movement 

analysis.  The kinematic centre for a healthy TMJ is thought to lie 6 mm distal to, and 

somewhat above the palpable lateral pole (Yatabe et al., 1997).  However, Pröschel 

and Morneburg (2000) determined that the kinematic centre (point) was 

approximately 2.5 mm anterior to and 4.3mm inferior to the hinge axis, a point they 

considered to be the geometric centre of the condyle.  It was admitted however that 

the exploration algorithm for determining the kinematic centre was not always 

accurate, and combined with anatomic variation of the condyles within different 

individuals, may result in fluctuation of the location of the kinematic centre with 

respect to the condyle (Naeije, 2003). It was also concluded that qualitative analysis 

of kinematic centre traces were more appropriate than quantitative parameters. 

 

This concept has been refined by Gallo and co-workers into what is termed the “finite 

helical axis” (FHA) and represents the pathways followed by consecutive calculations 

of the instantaneous centres of rotation (Gallo et al., 1997, 2000, 2006; Gal et al., 

2004).  The FHA was found to be localized outside the condyle, and was often 

situated inferiorly beyond the borders of the mandible (Gallo et al., 1997). The FHA 

analysis provides enough information to determine the precise position of a rigid body 

in space over time, and was sensitive enough to detect kinematic irregularities of the 
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mandible as a result of internal derangement of the TMJ (Gallo et al., 2006).   

Koolstra, in his review paper, stated that the instantaneous helical axis (taken as 

synonymous with the FHA) is directly analogous to the ICR for sagittal movements, 

but that for non-midline movements, the ICR becomes the FHA (Koolstra, 2002). 

 

 
 
Figure 2.3.  The helical axis. Diagram A shows the rotation about an axis that is translating (dotted 
line) during an excursive movement. Diagram B shows the helical axes during closing movement. 
Source: Koolstra, J. H. Critical Reviews in Oral Biology and Medicine, volume 13 (4), 2002. 
 

 

The non-orthogonal system, proposed by the International Society of Biomechanics 

(Wu and Cavanagh, 1995) was employed by Leader et al.  (2003a) in their analysis of 

jaw movement, combined with MRI location of joint centroids.  Despite claims of 

being clinically relevant, this method of kinematic representation does not appear to 

have gained widespread traction in the investigation of jaw movement. 
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Figure 2.4. An illustration of the non-orthogonal floating axes proposed by Leader et al. Source: 
Leader, J. K. et al. Journal of biomechanics Volume 36, 2003a. 
 

2.4. Range of movement of mandible components 
 
2.4.1 Mandibular condyles 
 
Condylar movement has been expressed either as rotation in degrees, or as distance in 

millimeters, with the latter being further subdivided into linear distance between start 

and end points, or curvilinear, which traces the actual path followed. Gallo et al. 

(1997) established that rotation of the finite helical axis (FHA) during mandibular 

opening was 24.3 degrees, with a standard deviation of 4 degrees.  In a small sample 

of two individuals, Leader et al. (2003a) quantified the rotation in the sagittal plane as 

34 degrees, which is a little higher than that of the earlier study, although in good 

agreement with Ferrario et al. (2005).  The rotational motion in the coronal and axial 

planes were less than 2 degrees respectively. Leader et al.  (2003a) also determined 

that the amount of translation of the condyle in the medio-lateral direction was 2.3 

mm and approximately 7 mm in the superior-inferior direction.  Movement in the 

sagittal plane was 21 mm, which gave an average rotation per mm of translation of 

1.5 degrees.  This figure supports the findings by Palla et al. (1997), who determined 

that the rotation approximated 2 degrees per millimeter of translation.   

 
In two earlier studies, the sagittal translation of the condyle was reported to be 

approximately 17 mm in the anterior-posterior direction (Lewis et al., 2001, 

Komiyama et al., 2003), which was slightly less than the data obtained by Leader et 
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al.  The values were however slightly greater if the curvilinear values were used as 

opposed to the straight distance (Lewis et al., 2001).  In a more recent study, greater 

ranges of both linear and curvilinear distances were calculated, namely 7.5-25.3 mm 

for linear, and 10.6-27.6 mm for curvilinear distances (Yoon et al., 2006).  These 

ranges encompass the values of all the previous studies, but are on the other hand less 

specific. Medial and lateral movement were calculated to be 1.57 mm and 1.12 mm 

respectively, and the vertical opening in total approximately 11 mm, which is 4 mm 

greater than that found by Leader et al (Komiyama et al., 2003). 

 

Sex differences have been observed in the anterior movement of the condyle, and 

were dependent on the mandibular size.  Males exhibited 4 degrees more rotation than 

females (Lewis et al., 2001). 

 
 
2.4.2 Incisor movement 

 

Reporting ranges of motion (ROM) at the incisor region of the mandible is 

complicated by the fact that, at least in young subjects, the mandible is growing, and 

will therefore directly affect the magnitude of traces at that point.  Furthermore, there 

are morphological variations in the mandibular structure and position, and 

dimorphism between the sexes.  Larger mandibles have been associated with greater 

maximum opening values (Agerberg et al., 1974; Muto et al., 1996; Nishijima et al., 

2000).   

 

One of the largest studies looking at mandibular opening with reference to the incisors 

was conducted by Hirsch in 2006, using a sample size of over one thousand 

individuals.  Open-close dimensions were found to be 50.6 mm +/-6.4, which largely 

supports the finding by other researchers (Lewis et al., 2001; Yoon et al., 2006; 

Ferrario et al., 2005; Gallo et al., 1997). Lewis et al. (2001) found significant 

differences in incisal opening values between males and females during maximum 

opening and closing movements, which were found to be largely independent of 

mandibular size.  Most of this difference in motion was found to be in the vertical 

component of opening, for both linear and curvi-linear measurements (Lewis et al., 

2001). Smaller opening of the mandible in females has also been documented by 

other researchers (Ferrario et al., 2005; Gallo et al., 1997). 
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2.4.3 Lateral movement of the mandible 
 
Lateral movement of the mandible with reference to the incisors has been estimated to 

be approximately 11 mm (Hirsch et al., 2006; Buschang et al., 2001), with slightly 

greater values for curvilinear measurements (Buschang et al., 2001).  At the condyles, 

the ipsilateral condyle linear path is approximately 2.5 mm in a posterior-lateral 

direction (the curvilinear distance is approximately 6 mm), whilst the contra-lateral 

condyle translates approximately 10 mm anterior-inferiorly, with the curvilinear path 

only slightly longer (Buschang et al., 2001). 

 

It would seem intuitive that any normally functioning mandible would demonstrate 

symmetrical maximum lateral excursion values to the left and the right hand sides, but 

as early on as 1921 it was noticed that the capacity for maximum lateral excursion 

was greater on the left hand side (Turp et al., 2005).  This observation was confirmed 

in their more recent study of 141 subjects, where greater deviation of the mandible to 

the left was detected.  

 
 
2.4.5. Protrusion of the mandible 
 
The distance moved by the incisor teeth during protrusion ranges between 8.2 and 9.3 

mm, with the distance translated by the condyles being very similar (Buschang et al., 

2001; Hirsch et al., 2006).  This similarity of value demonstrates that protrusion is 

largely a linear movement without rotation, and supports the fourth phase of Posselt’s 

diagram (2.2), which is a straight line from maximum protrusion back towards 

maximum intercuspation. 

 
 
2.5. Chewing 
 
Chewing kinematics is characterized by high levels of with-subject variation, which 

make analysis and comparison difficult (Ferrario et al., 2006; Wintergerst et al., 

2004). Variation was found to be greater between individuals compared to within 

individuals, but chewing cycle volume could still vary as much as 47% within 

subjects (Ferrario et al., 2006).  Cycle duration, as well as depth and width of cycle 

were more reproducible.  When subjects were allowed to chew to a rhythmical cue, 

variation in chewing recordings was less (Wintergerst et al., 2006).  The effect of 
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bolus size on chewing has been examined, and it was found that subjects generally 

adapt to bolus size increases by increasing the chewing cycle speed and perimeter of 

each chewing cycle, whilst maintaining cycle shape and duration (Bhatka et al., 

2004). However, due to the variation in chewing patterns, it has been recommended 

that chewing performance (which is akin to efficiency) is best analysed by subjects 

actually chewing test foods of different standard grades (Yamashita et al., 1999).  It 

has been shown that individuals with Class III malocclusions exhibit the worst 

masticatory performance, followed by Angle Class II malocclusions and Class I 

malocclusions compared to controls (ideal) (Buschang, 2006; English et al., 2002). 

 

As with maximum mandibular opening events, the head tended to extend and flex 

when rhythmical mandibular open and close events were performed, and with 

chewing (Eriksson et al., 2000; Kohno et al., 2001). 

 

Vertical jaw closing movement during chewing is smoother than the opening 

movement (Yashiro et al., 1999).  Also, the amount of rotation during chewing is less 

than that of maximal jaw opening, and has been quantified at approximately 16.5 

degrees for the helical axis compared to approximately 24 degrees for maximum 

opening, which is nearly two thirds (Gallo et al., 2000). 

 

Males have been found to exhibit a longer chewing cycle compared to females, with a 

larger envelope of motion, and to be generally faster chewers (Buschang et al., 2000).  

Other studies have reported no sex differences in jaw movement (Ferrario et al., 1992; 

Matsumoto et al., 1995). 

 

The mandible is assumed to be a rigid body for the purposes of analysis, but finite 

element modeling by Korioth and Hannam (1994) has shown that some deformation 

of the mandible occurs during biting, and it is possible that this may occur during 

chewing as well, particularly tough foods.  The extent to which this occurs is difficult 

to determine (Naeije, 2003), and unlikely to have a clinically significant impact on 

overall jaw motion analysis.  
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2.6. Age changes 

 

Nishijima et al. (2000) studied the difference in mandibular movement patterns of 

habitual opening and closing movements in children with primary and mixed 

dentition, and compared them to adults.  The tracking was examined at the incisal tip, 

as well as a condylar point, using a three dimensional recording system, and 

significant differences were found in the magnitude of these trajectories, especially 

between the primary dentition group and the adult group.  The result is not wholly 

unexpected, given the physical increase in jaw size, as well as the increase in size of 

the temporomandibular apparatus.  

 
 
2.7. Speech 
 
Movement of the mandible during speech has been found to be generally confined to 

the sagittal plane, and the amplitude of the movements during speech is reportedly 

less than that observed for mastication.  Speech movements also tend to be faster than 

chewing. (Ostry et al., 1997). 

 

As with other functional motor behaviour in the oro-facial region, head tilt in the 

anterior-posterior direction occurred during phonation of sounds, similar to that seen 

with open-closing jaw movements (Miyaoka et al., 2004).  The type of sounds 

explored in these studies were such that mouth opening was required, so the results 

again were not all together unexpected. 

 
 
2.8. Mandibular movement and malocclusions 
 
Schwestka-Polly et al. (1999) determined that Class II retrognathic patients produced 

aberrant sagittal mandibular kinematic curves compared to neutrocclusion controls, 

although this was determined around a maxillary axis located by the arc described by 

the incisor-condylar line.  This mandibular line-maxillary axis was referred to as a 

dimeric link chain, and angular measurements of the two demonstrated a constant 

ratio relationship in normal controls.  Class II retrognathic subjects also demonstrated 

significantly less vertical opening compared to Class I controls (Throckmorton et al., 

1995).  Chewing sequencing, as viewed from the anterior, describes the habitual 
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movement of the jaw as it cycles up and down.  Three types of curve have been 

described, namely normal sequencing, which is where the mandible opens towards the 

non-chewing side; reverse sequencing, where the mandible cycles in the opposite 

direction, and mixed sequencing, with possible cross-over.  Normal sequencing was 

found in Class I, Class II and deep bite malocclusions, where as mixed sequencing 

with cross-over was found more often in individuals with cross-bites (Proeschel, 

2006).  This observation supports the findings by Throckmorton et al. (2001), who 

also found increased reverse sequencing in individuals with posterior cross bite, and 

also found that these children chewed more slowly, and with greater excursions.  

Correction of the cross bite did not however correct the abnormal chewing pattern, 

also found earlier by Ben-Bassat et al. (1993) and Brin et al. (1996).  Condylar 

movement in a young patient with unilateral posterior crossbite was investigated by 

Saitoh et al. (2002), and it was found that the condyle on the affected side initiated 

movement earlier than the contralateral side, and that this difference was normalized 

after treatment of the cross bite.  This study should be considered with some caution 

however, as it pertains to a single case report only, and in a very young individual 

(approximately 4 years old).  

 

A study carried out on individuals with mandibular protrusion (Class III 

malocclusion) reported that they have greater mandibular rotation compared to 

control subjects, and the investigators also found greater concomitant head movement 

during mandibular opening, which may be associated with the rotation (Nibe et al., 

2006).   

 
Anterior open bite malocclusions were found to have similar range of condylar 

motion as control individuals when the subjects were pre-pubertal, but adult 

individuals with anterior open bite demonstrated less range of condylar motion than 

controls (Miyawaki et al., 1995).  The adults also showed weaker occlusal force 

compared to controls, which is consistent with the theory that bite force is related to 

the number of occlusal contacts (Bakke, 2006).  At the opposite end of facial 

morphology, low angle subjects were found to have a more vertical path of 

mandibular movement compared to high angle (more open bite) individuals, some of 

which could be ascribed to the anatomical configuration of the joint-jaw complex 

(Farella et al, 2005). 
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Orthodontic treatment by means of fixed appliances has been found to reduce 

mandibular movement slightly, but the effect was not significant, although the sample 

size in this study was relatively small at fifteen subjects (Thomas et al., 1995).  The 

maximum bite force was reduced during orthodontic treatment, and it was speculated 

that this could be as a result of dental discomfort as a result of the appliances, as well 

as the disturbance of the occlusion. 

 
 
2.9. Mandibular movement after condylar fractures and orthognathic surgery 
 
Mandibular kinematic studies can be applied to the clinical monitoring of patients 

following dento-surgical intervention.  Two groups that have been fairly extensively 

assessed include individuals with traumatic condylar fractures, and those who have 

had orthognathic surgery involving either or both of the jaws.  

 

2.9.1 Condylar fractures 

 

Palmieri et al. (1999) examined a population sample of 136 individuals with unilateral 

condylar fractures.  Approximately 50% were treated with open reduction of the 

fracture, due to greater initial displacement of the condyle segment, whilst the 

remainder of the subjects were treated with a closed reduction.  The initial results 

indicated that open reduction of the more severely displaced condyles resulted in 

greater mobility of the condyle itself compared to closed treatment, despite the 

subjects actually demonstrating less mouth opening than the closed group (Palmieri et 

al., 1999).  In a second publication, it was found that closed treatment of the fractures 

lead to normal ranges of opening within 3 years, whilst open reduction lead to an 

initial reduction in maximum opening, but that maximum opening could be reached 

sooner than those treated without surgery (Throckmorton et al., 2000). 

 
 
2.9.2. Orthognathic surgery. 
 

The use of kinematic studies in subjects undergoing orthognathic surgery is attractive, 

due to the significant quantifiable changes to the skeletal structure involved in the 

movement of the mandible.  In addition, there is evidence to suggest that subjects who 

are scheduled for orthognathic surgery have a lower masticatory performance as 
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measured by chewing particle size compared to controls (Buschang, 2006; 

Throckmorton et al., 2006; Tate et al., 1994). Jaw angular tracings during movement 

in Class II retrognathic patients have been found to be significantly different from 

those of control patients (with neutrocclusion) prior to surgery, but these patterns 

mimicked those of normal subjects after surgery, indicating “harmonisation” of the 

skeletal, dental and neuromuscular systems (Schwestka-Polly et al., 1999). These 

findings support those of Throckmorton et al. (1995), who determined that the 

maximum range of mandibular opening was significantly smaller in Class II 

retrognathic patients compared to controls, but that these values improved (after a 

sharp decrease shortly after surgery) over a two year interval until they were greater 

than their initial pre-surgical values, and not significantly different from controls. 

 

In Class III mandibular set-back procedures, surgery did not appear to adversely 

affect the motion of the mandible measured six months after the procedure, and many 

variables measured showed improvements over the pre-operative measurements 

(Athanasiou et al., 1992). These observations support the findings of Ehmer and Broll 

(1992), who found that Class III patients showed an increase in the range of border 

movements immediately after surgery, and these were sustained for the one-year 

observation period. Proeschel (2006), however, found that whilst the pattern of 

chewing in pre-surgical subjects was characterized by a drop-shaped pattern with a 

steep closing curve (as observed from the anterior), this did not change after surgery. 

 

A sample of five subjects with anterior open bite were examined by the University of 

Texas team (Ellis et al., 1996), who found that Le Fort I osteotomy of the maxilla led 

to a decrease in mandibular mobility approximately six weeks after surgery, followed 

by recovery after six months, to the extent that the movement did not differ 

significantly from pre-surgery values, or those of controls.  The same group also 

demonstrated six-week decreases in mobility in the TMJ study sample, and Class II 

bisagittal split osteotomy (BSSO) surgical group (Throckmorton et al., 1995, 2000). 

 
2.10. Number of participants 
 
The number of participants in kinematic studies varies greatly, from single case 

reports to large population studies.  In order to attempt to categorise sample sizes 

further, it is useful to divide kinematic studies into three types: those looking at 
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subjects with pathology and/or intervention; those describing methodological 

techniques, and the final group establishing normal data for kinematic variables. 

 

Eight representative articles were examined for number of participants to represent 

those with pathology and or intervention, excluding case reports.  The number of 

participants ranged from four to 136, with the average being 28, although this was 

significantly skewed by the single study with 136 participants, who had condylar 

fracture, and is a reasonably accessible data set. When this is omitted, the average 

number reduces to 13, with the most common number of participants being 10 

(Baltali et al., 2008; Gallo et al., 2005; Leader et al., 2003a,b; Miyawaki et al., 2005; 

Nibe et al., 2006; Nishijima et al., 2000; Throckmorton et al., 2000; Yashiro et al., 

2005). 

 
Two of the four methodological studies examined had sample sizes of 10 (Yashiro et 

al., 2005; Zafar et al., 2000a), one had seven (Häggmen-Henrikson et al., 1998) and 

the other 5 (Yoon et al., 2006).  Studies examining normal values indicated a wide 

range, with the largest study examining 221 subjects. The number of subjects in 

twenty three studies were analysed, and the average sample size was 29, with a mode 

of 20 participants. When the highest outlier was removed, the average number in the 

studies dropped to 21.  This simple analysis of selected articles indicates that sample 

sizes when treatment or intervention is used are usually around 10, slightly less for 

methodological reporting, and approximately double when collecting normative data. 
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Publication	 Number	of	
participants	

Comments	

Bhatka	et	al.,	2004	 38	 Normal	chewing	and	bolus	size	
Buschang	et	al.,	1999	 221	 Normal	subjects	
Buschang	et	al.,	2000	 26	 Normal	chewing	
Buschang	et	al.,	2001	 27	 Normal	ranges	
Eriksson	et	al.,	1998	 10	 Head-neck	in	normal	subjects	
Eriksson	et	al.,	2000	 12	 Head-neck	in	normal	subjects	
Ferarrio	et	al.,	2006	 20	 Normal	chewing	
Ferarrio	et	al.,	2005	 27	 Normal	range	movement	
Gallo	et	al.,	1997	 30	 Normal	subjects	
Gallo	et	al.,	2000	 7	 FHA	during	mastication	
Kohno	et	al.,	2001	 4	 Head-mandibular	movements	
Leader	et	al.,	2003	 2	 Determining	orthogonal	axes	
Lewis	et	al.,	2001	 56	 Looking	at	sex	differences	in	normal	

population	
Lindauer	et	al.,	1995	 8	 Normal	movement	
Miyaoka	et	al.,	2004	 14	 Head	movement	with	tasks	
Ostry	et	al.,	1997	 5	 Looking	at	normal	speech	and	

mastication	
Pröschel	and	
Morneburg	2000	

60	 Looking	for	association	between	
Kinematic	point	and	ligament	

Wintergest	et	al.,	2004	 25	 reducing	variability	
Yashiro	et	al.,	1999	 7	 Normal	individuals	to	detect	

smoothness	of	movement	
Yatabe	et	al.,	1995	 20	 Kinematic	centre	in	normal	in	

normal	individuals	
Yatabe	et	al.,	1997	 20	 Kinematic	centre	in	normal	in	

normal	individuals	
Zafar	et	al.,	2000b	 24	 Normal	head-neck	parameters	
Zafar	et	al.,	2000a	 10	 Head-neck	in	normal	subjects	
Zwijnenburg	et	al.,	
1996	

20	 Reference	point	variation	in	normal	
individuals	

 
Table 2.1. A table of representative publications indicating sample size of the study, 
and comments on the type of study. 
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Chapter 3. Review of the literature – part 2. 
 
 
3.1. Overview and History of functional appliances 
 
Correction of dental malocclusions using functional appliances has been in existence 

for over a century.  The term “functional appliance” refers to a group of devices that 

aims to harness the forces generated by muscle stretch and to direct these to dentition 

and supporting jaws to effect change in occlusal relationships. Other terms include 

“orthopaedic appliances” and “growth modification appliances” – terms that stem 

from the belief that these kinds of appliances can promote or enhance the growth of 

the jaws.  Most of the appliances are directed at treating Class II malocclusions, 

which is fortunate, as it is relatively easy to posture the mandible anteriorly in such 

occlusions, whilst it is more difficult to posture the mandible back in Class III 

malocclusions.   

 

Pierre Robin is credited with the first functional appliance design for the purpose of 

treating Class II malocclusions. His design was a single piece (monobloc) device that 

was primarily used to address the severe retrognathia seen in patients with the 

syndrome that bears his name (Bishara and Ziaja, 1989; Nielsen, 1996). A similar 

appliance to Robin’s was used in Denmark by Viggo Andresen, primarily as a 

retention device to hold Class II correction whilst his patients were absent during the 

summer holidays (Wahl, 2006).  He realized that not only had the devices maintained 

correction, but they resulted in improved malocclusion.  Following the success of the 

so-called Andresen Activators, the concept gained popularity in the Scandinavian 

countries and in Germany.  Use of functional appliances in the rest of Europe and in 

the USA in particular, lagged behind these countries (Chen and Will, 2002; Wahl, 

2006), but following more widespread publication in mainstream journals, greater use 

ensued until it became part of accepted orthodontic treatment.  Such was the 

enthusiasm for functional appliances that the principal American orthodontic journal 

elected to change its name in June 1986 from The American Journal of Orthodontics 

to The American Journal of Orthodontics and Dentofacial Orthopedics. 

 
As most functional appliances are directed at the correction of Class II malocclusions, 

this review is limited to this category of treatment, unless otherwise stated.  The 

appliances can be clinically effective, and the success rate (determined as an 
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improvement of half to three quarter cusp width) has been determined for two 

European centers to be two thirds of the Class II division 1 patients treated with 

functional appliances, with 25% of these reaching an ideal occlusion (Casutt et al., 

2007).  However, patient selection remains critical for the successful outcome of these 

devices (Collet, 2000). 

 
 
3.2. Types of appliances 
 
The growth in the use of functional appliances for orthodontic treatment has resulted 

in numerous designs, often named after the clinician or inventor concerned.  Broadly 

speaking, these devices can be classified into two categories – removable or fixed.  

 

3.2.1 Removable functional appliances 

 

Removable functional appliances, as already discussed, were initially one-piece, or 

monobloc designs, made of acrylic that were constructed in such a way that they 

repositioned the mandible forward.  Such designs include the original Andresen 

Activator (Andresen et al., 1957), the Bionator (Balters, 1954), the Harvold Activator 

(Harvold, 1974), the Bass appliance (Bass, 1989, 1994), the Kinetor (Stockfisch, 

1973) and perhaps the most controversial, the Fränkel appliances (Fränkel, 1973).  

This particular appliance not only held the mandible forward, but also incorporated 

buccal acrylic shields in the cheek and lower lip region that held the soft tissue away 

from the teeth, the idea being that the absence of such pressures, combined with the 

stretch of the periosteum would assist in creating desired expansion of the upper arch, 

and help in the forward positioning of the lower jaw (Bishara and Ziaja, 1989).  The 

Harvold appliance is extremely bulky and uncomfortable to wear, and has not enjoyed 

widespread use.  Most of the devices, however, relied only on the posturing effect of 

the lower jaw to effect change, although Stockfish (1973) incorporated rubber tubing 

into his design to create an elastic type appliance, which supposedly optimized 

orofacial muscle pressures (Wahl, 2006).  Shortcomings of all the single-piece 

designs include technical difficulty in ensuring that the upper and lower bite 

registrations were correct, and the fact that the patients had to clench into the 

appliance to keep the lower jaw in position, which made speech and chewing difficult.  

Few of these appliances were adjustable, and if modification in the amount of forward 
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posture was required, it often necessitated the construction of a whole new appliance. 

These issues have been largely overcome by the two-piece appliance, which consist of 

independent upper and lower components that occlude in such a way as to cause the 

lower jaw to posture forward, but allow free articulation for speech and chewing.  

Arguably, the most popular removable functional appliance in use today is the two-

piece Clark Twin Block device, designed and popularized by William Clark, an 

orthodontist from the United Kingdom (Clark, 1982, 1988). This appliance can be 

adjusted to change the amount of protrusion by the addition of acrylic to the inclined 

ramps. The amount of protrusion is often determined subjectively, with some 

recommending incremental increases in the amount of protrusion (McNamara and 

Huge, 1981), one to two mm less forward than maximum protrusion  (Chateau, 1955) 

edge to edge bite, or maximum protrusion (Op Heij et al., 1989).  The last authors 

found that the amount of protrusion gave variable responses, with maximum 

protrusion giving an improved overall correction of the occlusion, but edge to edge 

bite giving a greater retarding effect on the maxilla.  

 

3.2.2. Fixed functional appliances 

 

As with all removable appliances, patient compliance can be problematic.  Fixed 

functional appliances circumvent this problem, and are fixed to the patients’ dentition 

in such a way as to produce the desired forward posture.  One of the most enduring 

fixed functional appliance is the Herbst, introduced by Emil Herbst in 1905, but 

largely popularlised by Hans Pancherz (Wahl, 2006). Essentially, the appliance 

consists of telescoping tubes that are fixed to the upper molar teeth, and at some point 

in the anterior region of the lower arch.  It is manufactured in the laboratory to the 

correct length such as to provide the desired advancement of the lower jaw.  Once 

cemented in situ, the mandible is held forwards, yet opening and closing is 

accommodated by telescoping tubes.  Early designs only had simple hinges at the 

fixation points, which allowed opening and closing movement of the mandible only, 

but not any ancilliary movements.  Modern designs incorporate ball and socket type 

joints that not only allow opening and closing, but freedom of movement in all planes, 

which patients find a lot more tolerable. However, on closure, the appliance only 

allows for the teeth to occlude in the pre-set anterior position, and if this was 

determined inaccurately, could lead to severe discomfort.  This aspect was addressed 
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in some spring loaded designs, such as the Jasper Jumper® (American Orthodontics, 

Sheboygan, Wis) and the FORSUS Nitinol Flat Spring® (3M, Monrovia, California, 

USA), which were appliances that postured the lower jaw under spring pressure.  The 

appliance could allow distal posturing against the force of the spring if necessary, but 

that ultimately muscle fatigue would occur, with subsequent re-posturing into the 

clinically desired position.  The early designs were prone to spring fracture, and 

additionally, did not allow for adequate mouth opening. More recently, the spring 

type fixed functional appliance has been improved by the addition of telescoping 

arms, which allow greater mouth opening, and springs that are a maintained in a 

linear position, thus reducing risk of spring fatigue. An example of such an appliance 

is the FORSUS Fatigue Resistant Device®, marketed by 3M-Unitek company (3M, 

Monrovia, California, USA). The device has the advantage that it can be placed at the 

chairside (Jones et al., 2008), without laboratory involvement, or need for multiple 

visits. The spring, however, is less efficient at holding the mandible forward in the 

desired position, compared to the Herbst appliance (Nelson et al., 2007), or similarly 

designed appliances, and relies on the fact that jaw musculature must work against the 

spring to allow jaw closure in the habitual position and will fatigue, ultimately 

posturing forward.  The mechanism of action is thus different from the Herbst, in the 

sense that the Herbst will “lock” the jaw forward from the time of insertion, whilst the 

FORSUS appliance will push the jaw forward under relatively low force, whilst 

allowing the patient opportunity to re-establish the habitual position, albeit under 

strain.  The mechanism of action is thought to be similar to those of intermaxillary 

elastics (Cacciatore et al., 2014), and a recent study has found that there was no 

statistical difference in the effects of elastics and the FORSUS appliance, aside from 

more mesial movement of the lower molar in the FORSUS group (Jones et al., 2008). 

 

 
3.3. Mode of action 
 
3.3.1 Skeletal effect: mandible  
 
This is undoubtedly the most controversial aspect of Class II functional appliance use 

in the treatment of malocclusions characterized by a relative under-development of 

the mandible – can these appliances effect some form of skeletal response that 

permanently enhances or stimulates an increase in mandible size?  In other words, do 
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they “grow the jaws”?  Many studies have examined this aspect of functional 

appliances – both in animals, and in human subjects. 

 

3.3.1.1 Animal studies 

 

A number of studies have investigated the effect of forward posture of the mandible 

on the TMJ and on the growth of the mandible, using rhesus monkeys (Macaca 

mulatta) as experimental models.  Results show that both the condyle and the articular 

fossa of the TMJ remodel in response to the protraction, the amount of which varies 

depending on the age of the animal.  Generally, the direction of condylar remodeling 

is in the posterior direction, whilst bone deposition occurs along the anterior border of 

the post-glenoid tubercle, and resorption along the anterior articular eminence, 

suggesting that the articular fossa is remodeling in an anterior direction (Baume and 

Derichsweiler, 1961; Stockli and Willert, 1971; Adams et al., 1972; Woodside et al., 

1987; Voudouris et al., 2000, 2003a, 2003b).  Most importantly, Woodside et al 

(1987) found that there was a proliferation in the posterior part of the fibrous articular 

disk, which appeared to help “splint” the condyle in an anterior position within the 

fossa. The retrodiskal tissue exhibited enlarged blood vessels, which was thought to 

not only provide additional blood flow, but with it “biodynamic factors” (possibly 

referring to cellular cytokines) that could assist in growth of the condyle head 

(Voudouris et al., 2000). Continued anterior posturing of the mandible, followed by 

reseating could lead to a “pump mechanism” that drives metabolic action in the area. 

These same authors proposed that stretch of the retrodiskal tissues transmitted the 

visco-elastic force in both directions – posteriorly to the posterior part of the fossa, 

leading to bone deposition and ultimate anterior remodeling, as well as a transmission 

of the stretch to the periosteum of the condyle head, resulting in added bone 

deposition. In a similar fashion, stretch of the capsule would also produce forces at 

the condyle periosteum, acting in synergy with the stretch from the retrodiskal tissue.  

A third component of the Voudouris et al. (2000) mechanism is synovial fluid flow, 

which moves in a posterior-superior direction into the low-pressure intra-articular 

region, which is created when the condyle is postured anteriorly. 
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Figure 3.1: Three influences (B1-B3) of anterior displacement of the mandibular 
condyle (A). After Voudouris et al., 2000. 

 

 

In juvenile monkeys, an increase in the thickness of the cartilage in the condyle head 

itself has been found, which started appearing as early as two weeks from the 

commencement of protrusion (McNamara and Carlson, 1979; Woodside et al, 1987).  

Further studies on the changes of the mandible by McNamara and Bryan (1987) 

appeared to provide conclusive proof of increased growth response to protrusion 

when it was found that experimental animals showed an increase in length of 5-6 mm 

when compared to the control animals.  However, the measurements in their 

experiment were based on angular cephalometric changes, and as the appliance 

tended to produce an increase in the ramal-corpus angle of the mandible, it also 

produced increases in linear measurements at the condyle. These changes were not 

seen in the control animals, where ramal-corpus angle tended to close with normal 

growth (Meikle, 2002, pp 300-301).  Meikle also goes on to note that the opening of 

the gonial angle has been found in another animal model study (Rowe and Carlson, 

1990), but that the gonial angle tended to return to the values of the control animals 

by a reverse modeling process. 
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The findings from animal studies cannot be directly applied to humans, as the 

conditions under which the animals are tested tend to be rigorously controlled, and are 

often subject to conditions that are either impractical or undesirable in the clinical 

environment (Bishara and Ziaja, 1989).  However, the observations made on animal 

models do provide some clues as the potential mechanisms of action, particularly at 

the cellular level. 

 
3.3.1.2 Human studies 
 
Several studies on human subjects have found that with the use of functional 

appliances, there is in an increase in mandibular length when compared with control 

subjects of approximately 1.2 mm per year (McNamara, 1982, 1984; McNamara et 

al., 1985; Creekmore and Radney, 1983; Keeling et al., 1998). However, there is still 

some doubt as to whether these increases are clinically significant in the long term.  In 

addition, the direction of any condylar growth is important, because in order to have a 

clinically desirable effect, the growth should be in such a direction as to effect an 

anterior displacement of the chin in the horizontal plane.  Both McNamara and 

Creekmore found that although the mandible had increased in length, the majority of 

the growth vector was in the vertical direction, which tended to rotate the mandible in 

a down- and back direction, thus negating the desired effect. These results were 

supported in a review paper by Mills (1991) who reviewed 26 publications, and found 

that a slight increase in mandibular growth was detectable in the functional appliance 

group, but that this was mainly in the vertical direction.  It has been suggested by 

Johnston (1996) that what may thought of as growth may in actual fact be mandibular 

anterior displacement, or posturing, as found by the study of Nelson et al (1993), who 

also concluded that much of the change was in the vertical direction. 

 
Other studies have found that functional appliances do not lead to significant changes 

in mandibular length (Nelson et al., 1993; Robertson, 1983; Rudzki-Janson and 

Noachtar, 1998; Wieslander and Lagerstrom, 1979; Chen and Will, 2002).  As many 

of the functional appliances are removable, one of the factors that could lead to a 

decrease in response is patient compliance (Collet, 2000; Casutt et al., 2007).  Data 

from fixed functional appliances, which are by definition in situ for 24 hours per day 

thus obviate this complication, and should provide any evidence for true skeletal 

effect, if it exists.  Early investigators on fixed functional appliances initially asserted 
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that the appliance could lead to increased mandibular length (Pancherz, 1979), 

although as more data became available, the results became less pronounced (Lai and 

McNamara, 1998; Hansen et al., 1991; Pancherz, 1991).  Pancherz (1997) ultimately 

concluded that the growth effect of the appliance could not supercede the natural 

growth of the patient.  In the early 1990’s, a large multicentre prospective clinical trial 

into the effect of the Bionator and head gear appliance as part of early intervention 

compared to conventional fixed appliances was undertaken under the auspices of the 

University of North Carolina (UNC) (Tulloch et al., 1997, 1998, 2004).  Results 

showed that while there was a transient improvement in the functional appliance 

group after the initial first phase of treatment, these changes were lost during further 

treatment, to the extent that there were no differences between all the groups at the 

end of the fixed appliance phase of treatment.  If there were no demonstrable benefit 

of performing a growth modification phase, it begged the question “why do it?”  

However, of note in the results of the study were the large individual variations seen 

between patients.  Further investigations into why this may be could be the key in 

fine-tuning diagnosis and treatment planning. Johnston  (1999), stated: “Absent a 

ponderable difference in outcome, the inescapable fact that a two year treatment is 

three years faster than a five year treatment may speak for itself”. 

 

At more or less the same time as the UNC study was underway, Dermaut and co-

workers were conducting a systematic review of the literature to examine the 

orthopaedic effect of functional appliances on the human jaws (Aelbers and Dermaut, 

1996; Dermaut and Aelbers, 1996).  In part one of their twin publication, it was noted 

that only the Herbst appliance was able to change the mandibular growth to a 

clinically significant extent (many of the papers included in the study were from the 

Pancherz group).  In part II, the authors concluded that, despite the apparent 

superiority of the Herbst over other functional appliances, there was no evidence from 

the literature that orthodontists were able to significantly alter the inherited complex 

craniofacial skeleton of the growing child on a permanent basis. A similar finding was 

found in a review by Chen and Will (2002), more or less using the same data set as 

Dermaut’s group, but including the RCT’s conducted at the University of North 

Carolina.  
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In another study investigating the Herbst appliance, when compared to intermaxillary 

elastics, it was found that the Herbst initially gave better results, but that the effect 

was transient, and that there appeared to be little difference between the groups long 

term (Nelson et al., 2007).  The findings of this later study were supported by a more 

recent publication (Siara-Olds et al., 2010), which examined four different types of 

functional appliances (fixed and removable) with each other, and to matched controls.  

These investigators found that whilst different appliances exhibited some minor 

differences in dental response, there were no long-term differences between the 

treatment types, nor between functional appliance groups and controls.  In response to 

a query on the skeletal effect of functional appliances, the Council on Scientific 

Affairs (COSA) published a short review, re-affirming that any evidence of a 

permanent skeletal change in response to such therapy cannot be found (AAO 

Council on Scientific Affairs, 2005).  In a critical summary of known facts of 

functional appliances, versus wishes and/or beliefs, Johnston (2000) proposed that 

functional appliances can make clever use of normal growth.  The appliance will 

posture the jaw forward (anterior displacement), and hold the mandible forward until 

the condyle has a chance to grow back into the fossa.  “Extra” growth is thus not 

necessary – merely the utilization of the fact that most mandibular growth outpaced 

that of the maxilla, and in conjunction with the disarticulation of the occlusion (which 

tends to perpetuate a malocclusion), was sufficient to produce clinical effects. These 

findings were indirectly supported by Chintakanon et al. (2000) using MRI studies, 

who found that condyles that were positioned on the eminence at the start of Twin 

Block treatment all had reseated back in the fossa at the end of 6 months of wear.  

However, in this study, 75% of the condyles were positioned more anteriorly in 

successful Twin Block cases, compared to controls.  In the absence of any remodeling 

of the fossa, which was also one of their findings, this led them to conclude that there 

was a permanent shift in condylar position – particularly when none of the subjects 

developed a dual, or “Sunday” bite. In a later study, also using MRI technology, Ruf 

et al. (2002) found that the pre-treatment position of the condyle was unaffected by 

activator wear – and that appliance wear could not improve the position of displaced 

disks. 

 

The conclusion that mandibular growth is not permanently influenced by functional 

appliances is by no means unequivocal, as reports continue to be published that 



 43 

maintain that orthopaedic effects do occur.  In a systematic review of the literature, 

Cozza et al. (2006) (which was co-authored by McNamara and Baccetti, both strong 

proponents of orthopaedic effects), it was concluded that two thirds of studies 

reported “supplemental growth” of the mandible, with the largest effect seen when 

treatment coincided with puberty, and with the Herbst appliance.  Interestingly, of the 

four randomly controlled trials (RCT’s) examined, no investigators reported a 

clinically significant change in mandibular length following functional appliance 

treatment.  The conclusion of the review was therefore based on Clinically Controlled 

trials (CCT’s), twelve of which were graded as low or medium/low in terms of study 

design.   A prime example of the ongoing debate is seen in the interview held with 

Baccetti and Dermaut, each at the opposite end of the spectrum (Baccetti, 2004), 

where the arguments for and against functional orthopedic effects were discussed. 

 

On balance, the evidence would appear to favour the argument that there is no 

detectable “extra” growth, and that the transient improvement is a “mortgage” on 

future growth, as Johnston (1996) described it.  The last word has to belong with 

Johnston, who concluded that there is ultimately no difference in outcome between 

functional appliance patients or those treated conventionally, and that at the end of the 

day, “the decision to use functional appliances can be seen as a valid practice-

management option, but not a treatment imperative.” 

 
 
3.3.2 Skeletal effect: maxilla 
 
Functional appliances have been shown to have a restraining effect on the growth of 

the upper jaw in some studies – a so-called head-gear effect (Jakobsson, 1967; Lai 

and McNamara, 1998; Vargevik and Harvold, 1985; Mills and McCulloch, 1998; 

Keeling et al., 1998; Antonarakis and Kiliaridis, 2007), although such a result has not 

been supported by a review paper (Mills, 1991) or several prospective studies (Lund 

and Sandler, 1998; Illing et al., 1998; Tulloch et al., 1998).  Johnston (2005) has 

stated that the effect of a functional appliance in the upper jaw is more of a restraining 

effect of the normal anterior component of occlusion, rather that a true headgear 

effect, and thus tends to prevent the dento-alveolar compensation.  A head-gear would 

have some distalising effect on the dentition, which would be largely absent with 

functional appliances. 
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3.3.3. Dental effect 
 
There is much less controversy regarding the effect of functional appliances on the 

upper and lower dentition in the correction of Angle Class II malocclusions. As the 

appliances are anchored to the upper jaw, there tends to be a retroclination of the 

upper incisor teeth, which helps to reduce the overjet.  This effect is less pronounced 

in cases of fixed functional appliances, where the anchor point is in the region of the 

upper molar teeth.  Correspondingly, there is proclination of the lower incisor teeth, 

which also assists in the overjet reduction.  It has been suggested that these dental 

effects are more stable long term, compared to the orthopaedic effects, which seem to 

fade with time (Antonarakis and Kiliaridis, 2007).   

 

It has been know for some time that normal growth of the mandible outpaces that of 

the maxilla by approximately 2:1 (Lande, 1952), yet this does not appear to routinely 

assist in the correction of Class II malocclusions.  The growth of the lower jaw in 

such malocclusions does not differ from those with normal occlusion (Bishara, 1998), 

and it would appear that dental interdigitation is sufficient to perpetuate the 

malocclusion during growth (You et al., 2001).  Disruption of this interlocking 

process during orthodontic treatment has been advocated as a mechanism whereby 

normal growth can assist dento-alveolar changes produced by the orthodontic 

appliances (Gugino and Dus, 1998; Woods, 2008), and has also been suggested as a 

mechanism for some of the changes seen with functional appliances (Johnston, 2005). 

 

Most removable functional appliance designs create an increase in the vertical 

dimension, and allow for selective removal of acrylic to enable eruption of teeth, 

particularly the lower molars.  The rationale behind this is to open the bite through 

eruption, but also to assist in molar correction, as the lower molar teeth tend to 

migrate mesially as they erupt, thus assisting correction of a Class II (Clark, 1982, 

1988; Eirew, 1981, 2004). 

 

There is some controversy as to the amount of dental correction versus orthopaedic 

change in the total correction of the malocclusion.  Early studies were somewhat 

optimistic, in the sense that of the total correction, between 30% and 40% was 

attributable to skeletal effect, and the remainder dental (Creekmore and Radney, 
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1983, Righellis, 1983). Recognition was made that the dental effect was the dominant 

mode of correction, but in the light of the discussion above regarding the ultimate 

growth effect of the appliances, it could be argued that the dental effect is closer to 

100% of total correction.   

 
 
3.3.4. Soft tissue effects. 
 
Treatment with functional appliances can often result in an improvement of the soft 

tissue profile.  As the upper incisor teeth are retracted, there is a reduction of the 

overjet, which together with proclination of the lower incisors, leads to better soft 

tissue drape, particularly of the lower lip (Collet, 2000). In a systematic review of the 

literature, it was found that functional appliances lead to an improvement of the facial 

convexity (Flores-Mir et al., 2006).  No change in the anterior-posterior position of 

the lower lip was found, although the upper lip position appeared to be restricted.  

These changes appeared to be similar for growing and non-growing individuals, 

although caution was expressed by the authors that although these changes were 

statistically significant, they may not be clinically significant. 

 
A neuromuscular response has been proposed as a mechanism whereby functional 

appliances may lead to an increased response in mandibular growth.  The lateral 

pterygoid muscle concept is based on the hypothesis that anterior posturing of the jaw 

during appliance wear leads to an increased activity in the muscle, particularly the 

superior head, which in turn acts as a stimulus for condylar growth (McNamara, 1973; 

Petrovic, 1982).  Other authors have found that there was a decrease in the postural 

activity of these muscles (Freeland, 1979; Sessle et al., 1990). A similar conclusion 

was found by Yamin-Lacouture et al (1997) and Voudouris et al (2003), when long 

term electomyographic (EMG) electrodes were inserted into primates with fixed 

functional appliances.  A decrease in postural activity was found in the masseter, 

digastric and the superior and inferior heads of the pterygoid was found, and as the 

animals all produced significant dental and skeletal responses to the appliance, the 

findings could not support the hypothesis that an increase in muscle activity was 

responsible for condylar growth. 
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Chapter 4. Motivation for the study 
 
4.1. Mandibular motion in conjunction with functional appliances. 
 
Functional orthodontic appliances act directly on the condyle position by positioning 

the lower jaw in a protruded position, and the influence of this type of intervention on 

jaw kinematics has not been fully investigated.  As mentioned in the literature review 

section, there is evidence that functional appliances can lead to a proliferation of the 

retrodiskal tissues (Woodside et al., 1987), with concomitant vascular engorgement of 

the blood vessels in this tissue (Voudouras et al., 2000) in the animal model.  There is 

speculation that the retrodiskal tissue causes the mandible to “splint” in an anterior 

position, and could cause discomfort if the subject attempted to seat the condyle in the 

habitual position.   The influence of these changes on jaw movement have yet to be 

determined, and furthermore, concerns about the adaptive capability of the TMJ have 

been previously raised (Livieratos and Johnston, 1995).  An MRI study by Ruf et al. 

(2002) found evidence of a subclinical capsulitis of the inferior stratum of the 

posterior attachment of the condyle ligament, adding further motivation as to whether 

these changes influence posture and movement of the jaw. 

 

To date, only two publications have been found that investigate the effect of 

functional appliances on mandibular kinematics.  One of them is a case report 

originating from the current research group, that described the changes that occur in 

condylar movement prior to, during and after treatment with a Clark Twin Block 

(O’Shea et al, 2010).  The data indicated that condyle movement showed erratic 

kinematic behaviour during treatment, but that movement patterns tended to revert 

back to pre-treatment patterns, indicating that there is unlikely to be a long term 

change in mandibular motion following therapy, for that individual.  It was also found 

that greater opening was achievable at the end of the treatment compared to initial 

values, but there is the possibility that there may have been a training effect, although 

measures were taken to reduce this.  A larger sample of 27 subjects was investigated 

by Cacho and Martin (2007), pre and post treatment using a Teuscher activator 

appliance.  The mean age of the sample was approximately 11 years at the start of 

treatment, and the average duration of treatment was approximately 1 year. The 

authors found that there was a significant increase in jaw opening at the end of the 

study, but that other kinematic movements such as lateral excursion and protrusion 
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did not change.  A significant shortcoming of their study is that movement was 

measured at the incisal point in growing children, and as there is a strong correlation 

between age and range of motion (Vanderas, 1992), the change is possibly 

attributable (at least in part) to growth, especially given that treatment duration was 

approximately one year over the time of the pubertal growth spurt. Compliance was 

measured by means of self-reported time sheets, but as the appliances were 

removable, and integrated with extra-oral traction (head gear), some questions remain 

as to how compliant the subjects were during treatment.  The same author, in another 

paper (Cuevas et al., 2013) stated that the increase seen after completion of treatment 

with the Teuscher appliance settled back to pre-treatment values after a retention 

period of 2 years, and they ascribed the increase to laxity in the joints.  

 

Both studies investigated removable functional appliances – no data could be found in 

the literature regarding fixed (bilateral) functional appliances, and in particular, 

unilateral fixed appliances. Unilateral delivery of a constant force to the jaw and joint 

structures has the potential to alter function, and investigation into this possibility was 

considered a core aspect of the study. 

 

 

4.2. Aim 

 

The aim of the study was to investigate whether the placement of a fixed functional 

appliance, either bilateral or unilateral, has an influence on the kinematic movement 

of the mandible. 

 

 Primary Research Questions were thus: 

 

1. Does	 the	 use	 of	 a	 unilateral	 FORSUS	 appliance	 influence	 jaw	

opening?	

2. Does	 the	 use	 of	 a	 Unilateral	 FORSUS	 appliance	 influence	 jaw	

protrusion?	

3. Does	 the	 use	 of	 a	 unilateral	 FORSUS	 appliance	 influence	 jaw	

rotation?	
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4. Does	 the	 use	 of	 a	 bilateral	 FORSUS	 appliance	 influence	 jaw	

opening?	

5. Does	 the	 use	 of	 a	 bilateral	 FORSUS	 appliance	 influence	 jaw	

protrusion?	

 

Secondary questions 

1. Is	 there	 any	 difference	 in	 repeat	 open-close	 cycles	 measured	 on	

the	same	day	within	the	same	recording	period?	

2. Does	 the	 placement	 of	 fixed	 appliances	 (braces)	 influence	 jaw	

motion?	
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Chapter 5. Methodology 

 

5.1. Study design and participants. 

 

5.1.1 Maori consultation and Ethical approval 
 
Maori consultation was completed online through the University of Otago web page, 

and ethical approval for the study was obtained from the Lower South Regional 

Ethics Committee (Ethics approval number LRS/07/05/019). Each eligible participant 

was consulted, in the presence of a legal guardian (if not able to personally legally 

grant consent), and the outline and purposes of the study explained.  An information 

sheet (see appendix A) was supplied to the participants, and signed written consent 

forms (appendix B) obtained prior to entering into the study.  As an incentive for 

taking part in the study, participants were offered a reduction in their orthodontic 

treatment fee. 

 

5.1.2 Participants 

 

Participants were recruited from the Discipline of Orthodontics Clinic, School of 

Dentistry, University of Otago. The group comprised a convenience sample of 

consecutive patients who were scheduled to undergo FORSUS Fatigue Resistant 

appliance treatment as part of their overall orthodontic treatment.  Ten patients were 

recruited in total: 5 had unilateral FORSUS appliance placed (Group 1) and five had 

bilateral FORSUS placed (Group 2).  Of the Group 2 subjects, one participant moved 

to the North Island, and two failed to complete the required number of recording 

sessions (see Table 1), and were excluded. One participant in each group did not 

complete the initial recordings.  There were six female participants and one male.  

 

5.1.3 Study design 

 

The study was a longitudinal investigation aiming to assess mandibular motion prior 

to any orthodontic appliances being fitted, after appliances had been fitted (but prior 

to FORSUS placement), after FORSUS placement and finally at the completion of 

orthodontic treatment. Of the five unilateral FORSUS participants (Group 1), four 



 50 

were identified prior to the start of treatment, and completed pre-orthodontic jaw 

movement recordings. One required FORSUS during their course of treatment, and 

therefore did not have a pre-treatment recording. Of the three bilateral FORSUS 

subjects that initially started the study (Group 2), only one completed pre-treatment 

recordings.  All subjects completed pre-FORSUS placement recordings, as well as the 

remainder of the scheduled recordings (Table 5.1).  It is the nature of clinical 

treatment that occasionally decisions are made mid-treatment to use a particular 

appliance/ treatment modality, and this was the case for two of Group 2 and one of 

Group 1 participants. 

 

 Unilateral FORSUS 

Group 1 

Bilateral FORSUS 

Group 2 

Recruited participants (n) 5 5 

Lost due to non-attendance - 2 

Lost due to relocation - 1 

Final number  5 2 

Pre-treatment recording 4 1 

Pre-FORSUS recording 5 2 

Post FORSUS recording 5 2 

Post-treatment recording 5 2 

Average age and SD when 

Forus was placed (yrs) 

14.5 +/- 1.6 13.6 +/- 1.3 

 

Table 5.1. Participant grouping according to appliance type, lost to the study, 
availability of recordings and average age. 
 

 

5.2. The mandibular splint 

 

In order to track the motion of the lower jaw using the infra-red motion analysis 

system, a customized mandibular splint was used which had seven reflective markers 

attached to it.  The splint comprised two parts: an intra oral frame that attached to 

orthodontic brackets bonded to teeth, and an outer frame to which the markers were 

attached.  For those participants who were still to start formal orthodontic treatment, 
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three orthodontic attachments were placed in the lower arch for the specific purpose 

of supporting the intra-oral frame, one each on the lower first molar teeth and a lower 

incisor bracket on the lower left central incisor tooth.  The orthodontic attachments 

were Tomy Alexander 0.018 inch prescription with vertical slot (Rocky Mountain 

Orthodontics), and were bonded to the teeth using conventional bonding techniques.  

The intra-oral frame was constructed from 1 mm diameter stainless steel wire in a U-

shape that corresponded to the lower arch form. Short straight lengths of 0.4 mm 

stainless steel wire were soldered to the ends of the U such that they could be 

manipulated to fit into the bonded lower first molar attachment tubes.  Another length 

of wire, of 0.7 mm diameter was soldered to the U-shaped base frame in the 

approximate region of the lower left first premolar, and this was curved anteriorly in 

the approximate curve of the U shape lower arch.  In the region of the anterior bonded 

bracket, the 0.7 mm wire was formed into the shape of a hook that would engage the 

bracket and hold the frame under tension.  In the centre line of the U-shaped base 

wire, two parallel arms were soldered such that they would clear the lower lip, and 

engage correspondingly to two parallel tubes on the outer frame, in a friction fit. 

 

 
 

Figure 5.1. An example of the inner frame design similar to the one employed in the 
study, illustrating the parallel arms used to connect to the outer frame. 
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Two sizes of inner frame were constructed, one to accommodate a non-extraction 

arch, and the other an arch with missing premolar teeth.  The frame could be used in 

participants who only had three attachments bonded, prior to orthodontic treatment, or 

could be modified to fit to lower arches that had all the attachments in place, during 

subsequent trials.  The lower arch wire was removed for the purposes of the 

placement of the inner frame. 

 

The outer frame was a broad U-shape made of 2 mm stainless steel wire that was 

wide enough to fit around the outside of the cheeks.  In the centre of the frame were 

two parallel tubes that engaged and effected attachment to the inner frame described 

above in such a way that there was no play in any dimension between the two 

components.  The outer frame had seven short lengths of stainless steel wire soldered 

to the frame: two at each end of the U-legs, and three in the centre.  Each of these 

seven wire lengths supported a 12 mm spherical reflective marker, that were 

designated as follows (from right to left): 

• Right lower marker 

• Right upper marker 

• Mid-right marker 

• Centre marker 

• Mid-left marker 

• Left upper marker 

• Left lower marker 
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Figure 5.2. An outer frame similar to that used in the study, showing the positions of 
the reflective markers and attachment to the inner frame.  In this particular image, the 
frame was constructed from carbon fiber tubes, whilst in the study, a wire frame was 
used. 
 

 

5.3. The FORSUS appliance. 

 

The FORSUS Fatigue Resistant appliance (3M Unitek, Monrovia, California) is a 

fixed compression spring device that is placed intra-orally to effect dental and 

orthopedic movement.  The appliance consists of two parts: an upper spring and tube 

that is supplied in a standard universal size, and a lower wire portion of variable 

length that slides into the upper spring section.  The upper portion attaches to a band 

on the upper molar tooth via an L-pin or clip, and the lower end is connected to the 

lower arch wire, distal to the bracket on the canine tooth. The spring is telescopic, 

which allows for mouth opening, and there is sufficient play between the upper and 

lower attachments to allow a reasonable degree of lateral freedom of movement. The 

compression spring is activated on closure, thus producing a mesio-inferior force 

vector in the region of the canine, and a superior-posterior force vector on the upper 

molar.  To reduce undesirable side effects on the teeth and occlusion, full thickness 
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arch wires (which connect the bracket on every tooth) are used, and in the 0.018 inch 

slot width system used at the School of Dentistry, this was a 0.017 X 0.025 inch 

stainless steel wire. The FORSUS appliance can be placed unilaterally or bilaterally, 

depending on whether Class II correction is desired on one side or both.  

 

Prior to recording for those wearing the FORSUS appliance, time was scheduled to 

remove both the FORSUS spring and the lower arch wire.  For ease of replacement, 

the upper spring component was left attached to the upper molar tooth, and the spring 

tilted upwards to lie parallel to the arch wire. The spring was held against the arch by 

an intra-oral elastic such that it was out of the occlusion, and did not interfere with the 

recording.  The lower component of the FORSUS appliance was removed completely 

as the lower arch had to be removed so that the lower buccal tubes were free to 

receive the splint. 

 

 
 

Figure 5.3. An illustration of the FORSUS appliance 
 

After recording, the FORSUS appliance was replaced in the reverse sequence 

described above. 
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5.4. Head markers 

 

5.4.1 Cranial markers 

Six reflective markers were used as reference markers to distinguish mandibular 

movement from overall cranial movement.  A tight fitting latex swimming cap was 

positioned on the participants head, ensuring that as many creases were smoothed out 

as possible. A set of 10 mm spherical reflective markers, each on a black non-

reflective rubber base, were attached using double sided tape in the following 

positions: 

• Vertex marker: most superior midline position of the head, most 

commonly approximating a position above the ear. 

• Right vertex marker: approximately mid-point between the vertex 

marker and the superior border of the right ear. 

• Left vertex marker: approximately mid-point between the vertex 

marker and the superior border of the left ear. 

• Frontal Marker: a midline position approximating a mid-point between 

Glabella (bridge of the nose) and the vertex marker. 

• Right temporal marker: a mid-point approximately between the Frontal 

marker and the superior border of the right ear. 

• Left temporal marker: a mid-point approximately between the Frontal 

marker and the superior border of the left ear. 
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Figure 5.4. A participant demonstrating the placement of the latex swimming cap and 
markers. Also shown are the bilateral markers placed over the temporomandibular 
joint (TMJ), as well as the wire outer frame supporting the mandibular markers. 
 

5.4.2. Temporomandibular joint (TMJ) markers 

A marker was placed over the lateral pole of each mandibular condyle.  The region on 

the cheek immediately anterior to the tragus of the ear was carefully palpated, and the 

most prominent aspect of the lateral condyle pole located. The 10 mm markers with 

non-reflective bases were attached using double sided adhesive tape (Figure 5.4).  

 

 

5.5. Eagle Camera system 

 

5.5.1 Cameras 

The cameras and associated recording equipment were located at the School of 

Physiotherapy Gait Laboratory, University of Otago. Twelve infra-red cameras were 

located in an approximate circle around the participant.  Each camera produced infra-
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red light, set at 100% power output.  Each lens (20-35 mm zoom) was set on a focal 

distance of approximately 20 mm, and angled slightly down so as to avoid capturing 

the light emitted by opposite cameras.  The height of the cameras was varied in order 

to maximize the chance of correctly capturing the motion of each reflective marker.  

The capture rate was set at 60 Hz. 

 

Prior to recording, a sheet of non-reflective paper was placed on the floor to reduce 

the effect of incidental reflection.  A set of markers were placed on the floor at the 

approximate position of where the participants feet would be, and a vertical stand 

placed in the site of where they would sit, with a reflective marker at the top such that 

it would be higher than the height of a sitting subject. The cameras were then 

individually adjusted such that the markers on the floor and at the top of the stand 

were comfortably in the field of view.  Ideally, the cameras were also adjusted such 

that no light from opposite cameras was in the field of view: if there were, then these 

were electronically masked for each camera.  This however was avoided if possible, 

as it meant that any markers crossing the mask would have been omitted from the 

recording. 

 

5.5.2 Calibration 

The EvarRT software programme was launched prior to each recording, and the same 

project template file copied and loaded into a specific folder created for that session.  

The project file contained house-keeping information relating to the parameters set for 

the study, such as the number of markers used (marker set), camera frame rate (60 

Hz), shutter speed (1/1000 second), marker tracking, virtual marker calculation and 

the updated calibration for that specific recording.  There were two methods of 

calibration: static, and dynamic, each performed prior to every recording session.  The 

static calibration consisted of four markers placed on a right-angle calibration square, 

with uneven leg lengths (L-shaped). The square was placed on the floor in the centre 

of the visual field, making sure the legs were perfectly horizontal by using the spirit 

level indicators on each leg, and the calibration button activated on the software.  The 

static calibration allowed the system to create a global co-ordinate system, from 

which all tracking was generated. The longer leg represented the X-axis, the short arm 

the Y-axis, and the vertical Z-axis was automatically generated from the origin point 

of the square, perpendicular to both other axes. 
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Figure 5.5. Position of the L-Calibration square relative to the volume recording 
space. The small circles represent the reflective markers, and in this illustration, eight 
cameras are shown (EvaRT 5 instruction manual) 
 

Dynamic calibration was performed using a hand-held wand that had two reflective 

markers set at a precise distance of 500 mm distance apart. The recording duration 

was set at 60 seconds, and the wand was waved in all three planes in front of the 

cameras, ensuring that each was exposed to a similar duration and that as much of the 

recording volume of space was covered. This was confirmed by making sure that each 

cameras’ field of view displayed on the monitor was evenly covered by tracked 

markers (Figure 5.6). 
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Figure 5.6. Illustration of camera field of views during wand calibration, showing 
good, even coverage across the recording volume (EvaRT 5 users manual). 
 

The average determination of wand length over all recording calibrations was 

499.97mm +/- 0.04mm.  Once the calibration recording was completed, the software 

automatically calculated the 3D residuals and its standard deviation, as well as the 

calculated wand length and standard deviation.  The calculation was then run again 

with the “heavily weighted seed” button off, which meant that the calibration 

calculations were run again with less emphasis on the L-square, and more on the 

wand. The 3D residuals represent the accuracy with which points are located by the 

cameras. As an illustration, if an object is observed by two cameras, C1 and C2, at 

right angles to each other, then it is assumed that the object is positioned in the 

direction C1-F1 for camera 1 and in the direction of C2-F2 for camera 2 (Figure 5.7a). 
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 (a) 

 

 

 

 

 

 

 

 (b) 

 

Figure 5.7. a: A spherical object tracked by camera 1 (C1) and camera 2 (C2).  The 
line of view is C1-F1 for camera 1, and C2-F2 for camera 2. The object can be located 
with accuracy if it is located at the intersection of the two lines. b: if the lines do not 
intersect, then the object is calculated to be mid-point between the lines, and the 
perpendicular distance from the mid-point of the object to either of the lines is the 3D 
residual value. 
 

If the object is at the intersection of the two lines, the system will accurately identify 

the position in space.  If, however, there are small errors, and the lines do not intersect 

(Figure 5.7b), then the system will calculate the position of the object as mid-way 

between the lines.  The distance from the centre of the calculated object position to 

the direction of the light ray is known as the 3D residual.  The more cameras that are 

tracking an object, the greater the accuracy with which its position can be located, and 

the smaller the residual values. For this study, it was ensured that the 3D residual 

value was less than 0.45 mm at the time of calibration. The average residual error for 

all recordings in the study was 0.37mm +/-0.03. 

 

System calibration using the above methods precisely located each cameras position, 

as well as its focal length, and also took into account any geometrical distortion that 

the camera lenses may have had. 

C1 

F1 

C2 

F2 

Residual 
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5.5.3 Computer and software 

Motion analysis was supported by EvaRT software, versions 4.0 and 5.0 (the different 

versions had no influence on the recording of movement, and the differences were 

largely in the ancillary capabilities of the programme). The programme was loaded 

onto a IBM compatible computer running Windows. 

 

 

5.6. Recording 

 

5.6.1 General 

The cameras were positioned and calibrated in advance of the recording session, and 

steps taken to ensure that none of the cameras were moved in the interim. During the 

summer months there was a reasonable amount of sunlight streaming through the 

glass skylight, and steps had to be taken to mask this from the recording area by using 

screens. Prior to recording, the subject would be seen at the orthodontic clinic, School 

of Dentistry to ensure that the inner frame could be fitted correctly.  For pre-treatment 

recordings, this meant that orthodontic attachments were bonded to the lower molar 

teeth and a single lower incisor, whilst those who had the FORSUS appliance in place 

had them disconnected for the purposes of the recording. The subjects were then 

escorted to the recording laboratory, and the skull cap and markers placed as 

described above. Artificial lighting was dimmed to maximize the reflection from the 

markers. 

 

5.6.2 Natural position  

The participants were asked to sit upright on a low stool with the head in the natural 

head position.  This was done by asking the subjects to gently tilt the head forward, 

then back two or three times, and then assume a position where the eyes were looking 

straight ahead (Cooke and Wei, 1988). 
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 a) 

 

 
 

 b) 

Figure 5.8. a). Participant sitting in the recording volume. b) with the lights dimmed 

 

5.6.3 Static recording. 

For each participant, a static recording was done, where they sat as still as they could 

for the duration of the recording trial (6 seconds). This was done to record the inter-

condyle marker axis, along which the virtual marker was positioned (see section 5.8).  
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5.6.4 Movement recordings 

The participants were asked to perform the following mandibular movement tasks, in 

a fashion that was comfortable maximum extent, and within the 6 second time frame: 

• Open-close. 

• Left lateral excursion 

• Right lateral excursion 

• Protrusion 

• Repeat open-close. 

 

All movements were initiated from and ended in maximum intercuspation. Each of 

the movements were repeated and recorded six times, so that the average curve could 

be generated. The participants were requested to perform movements to the largest 

extent within the realms of comfort – they were not requested to try and obtain 

maximum opening, in order to minimize the potential risk of injury.  The order 

sequence of movements was randomly varied between recording sessions. 

 

5.7. Movement recording smoothing (post-processing) 

 

Recorded files were stored on a computer, with calibration data and movement 

recording tracks (post extension .trb files). As part of the post-processing procedure, 

each movement track was loaded into EvaRT and the markers individually identified.  

Each marker trace was then examined for completeness by visually inspecting the X-, 

Y- and Z- graphs displayed for each marker, and any aberrant low frequency patterns 

of the trace individually smoothed.  Aberrant traces occurred as a result (most 

commonly) of poor reflection from a marker, ghost reflections and confusion between 

markers.  One marker in particular (lower left) was prone to error, and it is thought 

that some of the reflective material had been contaminated with adhesive gum  - this 

was not detected until all the recordings had been completed, and the post-processing 

commenced. Aberrant spikes in the graph were cut, and the gap spliced by either 

using the join linear, join cubic or join virtual functions of the software. In most 

instances, the section that was corrected was small, and the join linear option was 

sufficient. Occasionally, there were larger sections, where the join virtual function 

was used, whereby the position of the missing data was generated from the full data 
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sets of three other selected markers within the mandibular splint. Each of the graphs 

was also inspected to make sure that there were no missing data.  

 

Once the graphs were quality checked, all of the markers were highlighted and the 

high frequency motions (motions that are too fast for an individual to actually 

perform, and represents “noise” of the system) smoothed using the low-band 

Butterworth filter function on the software. Any un-named, or ghost markers were 

then deleted, and the virtual markers calculated as described below. The recording 

was then played through to ensure that the data capture was complete, no ghost 

markers were visible, and that the tracking of the identified markers was smooth. The 

files were saved, and then exported as .trc files. 

 

5.8. Virtual markers 

 

The static recording allowed the software to create two virtual markers, one located in 

the lower jaw, and the other in the cranium.  The lower jaw marker (MP) was located 

at a mid point between the right and left condylar skin markers, whilst the cranial 

marker (CP) was located between the two temporal skull cap markers, using a least 

squares fitting procedure (Figure 5.9). The relative rotation and translation between 

CP and MP were calculated in degrees and millimeters, along the three global axes 

(Figure 5.10). 
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Figure 5.9. Diagram of the two virtual markers, Mp (midway between the two 
external temporomandibular joint skin markers), and CP (midway between the skull 
cap temporal markers). 
 

 
 

 

Figure 5.10. Global axes with origin around the mandibular virtual marker (MP) 
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5.9. Analytical steps 

 

Exported .trc files were processed on a second PC computer in the recording 

laboratory using custom designed software.  The data were processed through a 

number of steps that determined local coordinates for the segment markers and 

segment axes, using the static calibration.  Relative displacements of the segment 

markers (rdd files) and relative rotation (rrd files) were produced, and these were 

exported to Microsoft Excel software as CSV files. Each file contained the movement 

of the jaw and head segments in the X-, Y- and Z-planes over the total recording 

duration of 360 time points (recording frequency of 60Hz for 6 seconds = 360). 

 

Jaw opening (in the Y-plane) and forward protrusion (in the Z-plane) movements 

were selected for analysis.  For each recording, the initiation and termination point of 

jaw opening was identified on an Excel-produced graphic representation of the data, 

as well as the initiation and termination of jaw closure movements. Concomital jaw 

rotation using the same start and initiation points as jaw opening was also assessed for 

unilateral FORSUS participants – this rotation was around the Y-axis, and was 

selected on the basis that any unilateral effect of the FORSUS appliance may express 

itself in rotational symmetry between the right and left hand sides (Figure 5.11). 
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Figure 5.11.  A schematic example of an opening curve over 360 time points. The 
vertical line A represents the initiation of opening, line B the termination of opening.  
Line C represents the start of closing and line D the termination of closing.  The 
graphs regions between lines A and B, and between C and D were then standardized 
to 100 data points, with the initiation value at A set to zero. This particular person 
held their opening for a long period before initiating closure. 
 

The opening, jaw protrusion and jaw rotation data intervals were spliced from the full 

data set and normalised to 100 data point using Excel.  The average of the six 

recordings for each participant throughout the complete movement cycle were then 

determined, as well as their 95% confidence intervals.  The data were then displayed 

in graphical format.  With this approach, jaw movement was orientated around the 

maximum opening value.  In order to gain insight into the qualitative nature of the 

mandibular movement, the opening phase was plotted with the initiation of opening 

oriented at the origin. The duplicate openings (trials 1 and 2) were plotted on the same 

axes, and the average curve determined. A best fit trend line was applied, as most of 

these average curves approximated a straight line, and the gradient of these lines 

calculated.  The value of the gradient specified the averaged velocity of opening from 

initiation of the movement. 
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5.10. Statistical analysis 

 

Descriptive statistics were used to analyse the data, with means and standard 

deviations calculated for opening, protrusion and rotation.  Paired t-tests were used to 

compare repeat open and close tasks (opening 1 and 2) within each recording, as well 

as repeat rotation measurement (that were derived from the opening). Significance 

was assessed at the 5% and 1% levels. T-Tests were also used to compare pre-, post-

FORSUS and post-treatment opening values with the initial pre-treatment value.  
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Chapter 6. RESULTS 

 

There were five participants in the unilateral FORSUS group, all of whom completed 

pre-treatment, pre-FORSUS, post-FORSUS and post-treatment recordings, except 

participant three, who did not complete a pre-treatment recording.  There were two 

participants in the bilateral FORSUS group, one of whom (participant 6) did not 

obtain a pre-treatment recording.  The duration of FORSUS appliance wear from time 

of placement to time of Post-FORSUS recording is shown in Table 6.1. 

 

GROUP	 PARTICIPANT	 DURATION	FORSUS	WEAR	(DAYS)	

	

	

Unilateral	

1	 71	

2	 93	

3	 73	

4	 113	

5	 108	

Bilateral	 6	 65	

7	 79	

 

Table 6.1 Duration of FORSUS appliance wear from time of placement of the 
FORSUS to time of post-FORSUS recording. 
 

 

6.1. Unilateral FORSUS group – mean peak opening 

 

As a group (N=5), there was no appreciable difference in the mean peak opening 

between the different time-points (Table 6.2) for either of the two open-close repeat 

recordings. 
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Time Point Mean/SD Mean peak opening 

1 (mm) 

Mean peak opening 

2 (mm) 

Pre-Treatment Mean 12.0 12.5 

 SD 3.7 3.3 

Pre-FORSUS Mean 10.2 11.3 

 SD 3.0 2.9 

Post-FORSUS Mean 10.1 10.9 

 SD 1.4 2.0 

Post-Treatment Mean 10.2 10.3 

 SD 3.0 2.6 

 

Table 6.2 Mean peak opening for each of the two open-close tasks recorded at the 
four time points (pre-treatment, Pre-FORSUS, Post-FORSUS and post-treatment) for 
the unilateral FORSUS group (N=5). The distance is the maximum separation 
between point MP (mid point between the condyles) and CP point. 
 

On an individual level, there were different patterns or response: individual 1 

recorded a large pre-treatment opening before settling down to a more or less constant 

opening and close cycle.  Individuals 2 and 5 were consistent throughout the four 

different time points, whilst individual 3 indicated consecutive reduction in opening 

across the three time points that were assessed.  Individual 4 showed a slight increase 

in post-treatment opening. 

 

When the data from the repeat open and close tasks are combined (see section 6 

below), there is less variation in the peak opening values (Table 6.3).  Graphical 

representation of all participants in the unilateral FORSUS open-close group are 

shown in appendix C. 
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Time Point Mean/SD Mean peak combined 

opening (mm) 

Pre-Treatment (n=4) Mean 12.2 

 SD 3.5 

Pre-FORSUS (n=5) Mean 10.7* 

 SD 3.0 

Post-FORSUS (n=5) Mean 10.5** 

 SD 1.8 

Post-Treatment (n=5) Mean 10.2** 

 SD 2.8 

 

Table 6.3 Mean peak opening for combined open-close tasks recorded at the four time 
points (pre-treatment, Pre-FORSUS, Post-FORSUS and post-treatment) for the 
unilateral FORSUS group. t-test P-values in the comparison between Pre-FORSUS, 
Post-FORSUS, post-treatment to the initial opening. * denotes significance at P<0.5, 
and **at P<0.01. 
 

6.2.  Unilateral FORSUS group – mean peak jaw protrusion 

 

The means of all 5 participants showed an increase in the protrusion values pre- and 

post-FORSUS, with post-treatment values falling back to slightly lower than that of 

pre-treatment, although this was less than 0.4 mm (Table 6.4).  The graphs of all 

individuals are shown in Appendix D. 
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Time Point Mean/SD Mean peak 

protrusion (mm) 

Pre-Treatment (n=4) Mean 5.1 

 SD 1.9 

Pre-FORSUS (n=5) Mean 5.2 

 SD 1.2 

Post-FORSUS (n=5) Mean 6.3 

 SD 1.2 

Post-Treatment (n=5) Mean 4.8 

 SD 0.8 

 

Table 6.4. Mean peak protrusion recorded at the four time points (pre-treatment, Pre-
FORSUS, Post-FORSUS and post-treatment) for the unilateral FORSUS group. 
 

There was a wide range of response with the individual protrusion tasks, with 

individual 4 showing an approximate 50% reduction in final protrusion compared to 

the pre-treatment reading, whilst individual 1 showed a large spike in protrusion at the 

post-FORSUS measurements. A near 100% increase in protrusion was shown by 

individual 5 at the pre-and post-FORSUS readings, although the values reduced at the 

post-treatment measurements to just a slightly higher value than the pre-treatment 

reading. Individuals 2 and 3 showed little change or slight increase in protrusion 

respectively, when comparing their first and final treatment values. 

 

 

6.3.  Unilateral FORSUS group – jaw rotation around the Y-axis. 

 

There was no appreciable difference in rotation between the four different time points 

when the mean maximum rotation of the sample (N=5) were compared (Table 6.5).  

Individual graphs are shown in Appendix E. 
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Time Point Mean/SD Mean peak rotation 

1 (degrees) 

Mean peak rotation 

2 (degrees) 

Pre-Treatment (N=4) Mean 2.0 2.0 

 SD 0.8 0.9 

Pre-FORSUS (N=5) Mean 2.3 2.4 

 SD 1.6 1.8 

Post-FORSUS (N=5) Mean 1.7 2.2 

 SD 0.7 2.4 

Post-Treatment (N=5) Mean 2.0 2.5 

 SD 1.0 2.3 

 

Table 6.5 Mean peak rotation for each of the two open-close tasks recorded at the four 
time points (pre-treatment, Pre-FORSUS, Post-FORSUS and post-treatment) for the 
unilateral FORSUS group. 
 

Each participant’s rotation data were highly individual, with jaw rotations to the right 

and left during each cycle, sometimes up to three right-left variations (individual 3).  

Individual 1 showed a contralateral side rotation at the pre-and post-FORSUS 

recordings, which returned to the ipsilateral side after treatment.  Individuals 2 and 3 

showed little changes during the various time points. 

 

 

6.4.  Bilateral FORSUS Group – mean peak jaw opening 

 

There were two individuals in this category, one of whom (individual 6) failed to have 

a pre-treatment recording done.  This participant showed a drop in opening post-

FORSUS, but this equalized post treatment, indicating no net overall change.  

Individual 7 showed progressive increase in opening from the pre-treatment through 

to post-FORSUS recordings, and then little change between that recording and the 

post-treatment recording.  Figure 6.1 and 6.2 illustrate the combined opening (trial 1 

and 2) over the different time points (pre-treatment, pre-FORSUS, post-FORSUS and 

post-treatment) for both members in this group.  Graphs for all time points for both 

individuals are provided in Appendix F.  
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Figure 6.1 Combined open - close (trial 1 and 2) over the different time points (pre-
treatment, pre-FORSUS, post-FORSUS and post-treatment) for participant 6, bilateral 
FORSUS. 
 

 
 

Figure 6.2  Combined open-close (trial 1 and 2) over the different time points (pre-
treatment, pre-FORSUS, post-FORSUS and post-treatment) for participant 7, bilateral 
FORSUS. 
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6.5.  Bilateral FORSUS Group – mean peak jaw protrusion 
 

Both participants show marked reduction in the final protrusion values, compared to 

the initial readings.  In the case of individual 7, the final trace showed retrusion, 

followed by protrusion to the initial starting value (Figure 6.3 and 6.4). 

 
Figure 6.3 Protrusion-retrusion over the different time points (pre-treatment, pre-
FORSUS, post-FORSUS and post-treatment) for participant 6, bilateral FORSUS. 
 

 
Figure 6.4 Protrusion-retrusion over the different time points (pre-treatment, pre-
FORSUS, post-FORSUS and post-treatment) for participant 7, bilateral FORSUS. 
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6.6.  Repeat measures within recordings. 

 

For each recording session (pre-treatment, pre-FORSUS, post-FORSUS and post-

treatment), individuals were requested to repeat the open-close task, in order to 

determine whether there were any training effects or learning bias.  The two repeat 

tasks were compared using paired t-tests, and the results are shown in Table 6.6.  

 

Time Point Individual 

1 

Individual 

2 

Individual 

3 

Individual 

4 

Individual 

5 

Individual 

6 

Individual 

7 

Pre-Treatment 0.06 0.04* - 0.05* 0.02* - 0.65 
Pre-FORSUS 0.52 0.35 0.02* 0.01* 0.35 0.44 0.53 
Post-FORSUS 0.49 0.01* 0.41 0.19 0.35 0.02* 0.00** 
Post-Treatment 0.52 0.43 0.54 0.43 0.35 0.92 0.11 

 

Table 6.6.  Paired t-test P-values in the comparison between the repeat open-close 
tasks within each time point. * denotes significance at P<0.05, and **at P<0.01. 
 

Similarly, rotation of the jaw around the Y-axis, obtained from the two open-close 

recordings showed some fluctuation between the two recordings when the paired t-

test was used to calculate the P values  (Table 6.7) 

 

Time 

Point 

Individual 

1 

Individual 

2 

Individual 

3 

Individual 

4 

Individual 

5 

Pre-

Treatment 
0.53 0.8 - 0.5 0.18 

Pre-

FORSUS 
0.09 0.02* 0.98 0.00** 0.70 

Post-

FORSUS 
0.29 0.76 0.76 0.88 0.38 

Post-

Treatment 
0.27 0.00** 0.34 0.29 0.2 

 

Table 6.7.  Paired t-test P-values in the comparison between the repeat rotations 
within each time point. * denotes significance at P<0.05, and **at P<0.01. (Note that 
individuals 6 and 7 were not included in this table, as rotation analysis was limited to 
the unilateral group only). 
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6.7.  Effect of fixed appliance placement on jaw movement. 

 

Analysis of the data pre-treatment and pre-FORSUS indicate that the placement of 

fixed appliances does not have any statistically significant effect on either open-close 

or protrusion movements, whilst differences in rotation around the Y-axis did indicate 

significance pre- and post fixed appliance placement (Table 6.8). 

 

Time Point Mean/SD Mean peak 

opening (mm) 

(N=5) 

Mean peak 

protrusion (mm) 

(N=5) 

Mean peak 

rotation (degrees) 

(N=4) 

Pre-Treatment Mean 11.0 5.9 2.0 

 SD 4.3 2.5 0.8 

Pre-FORSUS Mean 10.8 6.5 2.6** 

 SD 2.9 2.6 1.7 

 

Table 6.8 Mean peak values for combined open-close 1 and 2, protrusion-retrusion for 
the 4 unilateral and one bilateral participant (N=5), and combined rotation 1 and 2 for 
four unilateral participants (N=4) pre-treatment and Pre-FORSUS. * denotes 
significance at P<0.05, and **at P<0.01. 
 

 

6.8.  Open-close task for all participants. 
 

When the open-close data for both repeats were combined, and all subjects pooled 

(N=7), there were no statistical difference between the different time points (Table 

6.9). 
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Time Point Mean/SD Mean peak opening  

(mm) 

Pre-Treatment Mean 11.0 

 SD 4.5 

Pre-FORSUS Mean 10.8 

 SD 2.9 

Post-FORSUS Mean 10.7 

 SD 1.8 

Post-Treatment Mean 11 

 SD 2.8 

 

Table 6.9. Pooled data from both open-close repeats for all subjects (bilateral and 
unilateral FORSUS N=7) over the four recording time points. t-test P-values in the 
comparison between Pre-FORSUS, Post-FORSUS, post-treatment to the initial 
opening. * denotes significance at P<0.05, and **at P<0.01. 
 

 

6.9. Qualitative assessment of mandibular opening – unilateral FORSUS 

 

Mandibular opening was also assessed by plotting each opening phase at the origin of 

the axes, which gave indication of three further aspects of the movement: 

i) The	variation	in	duration	

ii) The	 velocity	 of	 opening	 (which	 is	 given	 by	 the	 gradient	 of	 the	

curve)	

iii) The	variation	in	opening	value		

 

All three of these parameters showed individual variation, ranging from uniform 

opening curves showing little variation (example shown in Figure 6.5) to individuated 

with marked variation in opening (example shown in Figure 6.6).  Graphs for all 

participants are given in Appendix H. 
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Figure 6.5. An example of homogenous opening curves for participant 5 (post-
FORSUS), combined trials 1 and 2.   
 

 

 
 

Figure 6.6. An example of widely varying opening curves for participant 1 (Pre-
FORSUS), combined trials 1 and 2.   
 

Inspection of the curves would indicate that there is generally a greater spread in the 

horizontal axis as opposed to the vertical axis, indicating a greater variation in 

opening duration and somewhat less variation in comfortable peak opening.   
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The averaged opening over the combined number of trials (12, for most participants) 

approximated a linear curve, and these were plotted for all time points on the same 

axes, and the best fit linear trend line applied to each curve (an example is given for 

participant 4 in Figure 6.7). 

 

 
 

Figure 6.7. An example of averaged opening curves for participant 4 over all time 
points, showing approximate linear nature of the curves, as well as the trend lines.   
 

The gradient of the trend lines were determined, and the value gives a representation 

of the mandibular velocity during the opening cycle. The velocity values for the 

unilateral participants are given in Table 6.10. 

 

 
Time Point Participant 1 

opening Velocity 

mm/S 

Participant 2 

opening Velocity 

mm/S 

Participant 3 

opening Velocity 

mm/S 

Participant 4 

opening Velocity 

mm/S 

Participant 5 

opening Velocity 

mm/S 
Pre-Treatment 14 14 - 11 16 
Pre-FORSUS 10 10 14 8 16 
Post-FORSUS 8 14 8 11 17 
Post-Treatment 13 13 6 9 26 

 

Table 6.10. Velocity of opening (mm/S) for the averaged opening curves for pre-
treatment, pre-FORSUS, post-FORSUS and post-treatment. 
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Participant 1 showed a decrease in opening velocity at the pre- and post-FORSUS 

recordings, but there was a partial recuperation after treatment, indicating a net 

decrease in velocity of approximately 9% compared to pre-treatment.  In a similar 

fashion, participant 2 indicated a decrease at the pre-FORSUS recording before 

recovering to approximately the same velocity as the initial pre-treatment recording.  

Participant 3 showed a marked drop in velocity of over 50%, although the initial 

recording was the pre-FORSUS recording, as opposed to a pre-treatment value (not 

recorded). Participant 4 showed a decrease, recovery, and then another decrease, 

giving an overall decrease post-treatment of approximately 20% compared to the pre-

treatment value.  Individual 5 showed consistent velocity of opening for the first three 

recordings, followed by an approximate 60% increase in opening velocity. 

 

 

6.10. Qualitative assessment of mandibular opening – bilateral FORSUS 

 

Opening curves were plotted at a common origin for both bilateral FORSUS 

individuals, and the average curves plotted.  These are shown for each time point, as 

well as the linear trend line applied to each of the average curves (Figures 6.8 and 

6.9).  All opening graphs are shown in Appendix I. 

 

 
Figure 6.8. Averaged opening curves for participant 6 over all time points, showing 
approximate linear nature of the curves, as well as the trend lines.   
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Figure 6.9. Averaged opening curves for participant 7 over all time points, showing 
approximate linear nature of the curves, as well as the trend lines.   
 

As with the participants in the unilateral group, there was greater spread in the X-axis 

compared to the opening (Y-axis), indicating that duration of opening was more 

variable compared to peak maximum opening.  An example of this is shown below, in 

Figure 6.10 

 

 
 

Figure 6.10. Opening curves for participant 7, post-FORSUS, indicating wide 
variation in duration of opening (spread along the X-axis), whilst demonstrating 
reasonably consistent peak opening (Y-axis). 
 

The averaged velocities for both individuals are given in Table 6.11. Individual 6 

showed a drop in opening velocity post-FORSUS, which increased post-treatment to a 
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value that was approximately 30% greater than the initial pre-FORSUS recording.  

Participant 7 showed approximate doubling in velocity for all recordings apart from 

the last recording, where the velocity decreased again, although it was still nearly 

40% higher than initial. 

 
Time Point Participant 6 

opening Velocity 

mm/S 

Participant 7 

opening Velocity 

mm/S 
Pre-Treatment - 7 
Pre-FORSUS 15 14 
Post-FORSUS 12 25 
Post-Treatment 20 10 

 

Table 6.11. Velocity of opening (mm/S) for the averaged opening curves for pre-
treatment, pre-FORSUS, post-FORSUS and post-treatment. 
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Chapter 7.  DISCUSSION 

 

This study investigated the effect of the FORSUS fatigue resistant appliance with 

particular emphasis on unilateral application of the device on jaw movement.  The 

unilateral use of the appliance (and similarly designed appliances) is an advantage 

over traditional functional appliances, which tend to be bilateral in nature, as there is 

the opportunity to address asymmetrical malocclusions.  A further advantage of the 

FORSUS appliance is the fact that it is fixed in the mouth, which eliminates 

compliance factors that can be a significant factor in removable appliances 

(Ackerman and Thornton, 2011), and by extension, removable functional appliances 

as well. The mechanism of action of the FORSUS differs however from the more 

traditional “bite jumping” functional appliances, in that the jaw is not positioned 

forwards, but rather there is a constant push on the system delivered by the spring.  It 

thus acts in a similar fashion to an intermaxillary elastic, although “pushing” rather 

than “pulling” on the lower teeth.  Despite the less than traditional mechanism of 

action, the unique unilateral nature of application was the underpinning motivation for 

the current study, as the appliance was independent of compliance and thus sustained 

pressure all the time.  This clinical advantage is however offset by a number of 

disadvantages: it is time consuming to place, can be uncomfortable for the patients, is 

more prone to breakages compared to intermaxillary elastics, can cause undesirable 

proclination of lower incisor teeth, can cause open bites to develop and potentially 

spacing.  There are two main factors that contribute to the success of orthodontic 

therapy, namely duration of force application, and magnitude of the force itself. The 

duration of wear of the FORSUS appliance is given in Table 6.1, and it can be 

observed that the minimum duration was 65 days, and the maximum 113 days. For 

the purposes of this study, the duration of appliance wear needed to be of sufficient 

duration so as to potentially express any changes that were under investigation, and it 

was felt that any duration greater than two months would be an acceptable 

compromise between risk of breakage and termination of treatment.  The force levels 

produced by the FORSUS were not recorded as part of the study, and this would be a 

recommendation for any further research in this field. The appliances were placed 

according to the manufacturers instruction, but the final force delivery was 

subjectively determined by the presiding clinician. 
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An overview of the results from this study show that the placement of a unilateral 

FORSUS appliance does not alter jaw opening to any meaningful extent.  There was 

individual variation throughout, which is consistent with the findings of Travers et al. 

(2000) who found that healthy individuals could perform normal opening with highly 

variable amounts of condylar translation.  Group jaw opening values in this study 

remained relatively consistent pre-and post-placement of the appliance (Table 6.3).  

Due to the unilateral nature of the appliance, any one-sided effect would have 

expressed itself as a change around the Y-(vertical) axis, yet this showed remarkably 

little variation over all the recording sessions. Similarly, whilst there was a slight 

increase in the group average for protrusion, the values returned to those observed 

pre-treatment, suggesting no net overall change.  To date, no literature has been found 

on the effects of unilateral fixed appliances, and the data from this study would serve 

to re-assure clinicians that use of unilateral appliances has no clinically deleterious 

effect on jaw function. 

 

When all  (both unilateral and bilateral participants N=7) open-close data (both Task 1 

and 2 combined for each session) were analysed, it demonstrated that there was no 

statistical difference between the any of the four different time points (Table 6.9).  

This did not quite hold true when the data from the unilateral group were analysed 

separately (N=5), where all the open-close peak values after the initial pre-treatment 

recording (pre-FORSUS, post-FORSUS and post-treatment) were statistically 

significantly different when compared to the initial pre-treatment recording (Table 

6.3).  However, there was no statistical difference between each of the pre-treatment 

recordings.  The difference in the mean values when comparing the three post-initial 

recordings to the initial pre-treatment mean value was 2 mm or less, and it is possible 

that a training effect may have occurred.  

 

Paired t-tests between opening 1 and 2 at an individual level showed 8 duplicates with 

significance at P≤ 0.05, of which 3 were P ≤ 0.01.  Four of these differences were 1 

mm or greater, with the largest at 2.79 mm (individual 3, pre-FORSUS recording). 

Some of the variation can be explained by the instructions given to the participants, in 

that they were requested to perform a comfortable open-close task without 

deliberately seeking to obtain maximum opening.  The rationale behind this was 
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primarily to limit the risk of TMJ injury, especially in the light of the mechanism of 

action of the appliances on the jaw joint.  Individual 4 had a cold during one of the 

recordings that showed statistically significant differences between the repeats, and 

this may have influenced performance of the tasks.  Statistical significance and 

clinical significance are different entities (Sedgwick, 2014; Jacobson and Truax, 

1991), with the former not necessarily predicting the latter.  There has been 

suggestion that twice the standard deviation can be used as an indicator of clinical 

significance (Evans et al, 1998; Jacobsen and Truax, 1991), and using this criterion, 

none of the differences in the repeat opening recordings achieved clinical 

significance.  As mentioned previously, there was considerable individual variation, 

with individual 3 showing a decrease in opening, individual 4 an increase in opening, 

individual 1 showing an initial large opening, followed by three more consistent 

values, and individuals 2 and 5 showing moderately consistent results throughout.  

The variability in response is in agreement with the data from O’Shea et al (2010), 

who indicated variability during treatment with a removable functional appliance 

(Twin Block), but that the values tended to return back to the original values after 

treatment.   Our findings differ from that of Cacho and Martin (2007), who found that 

there was a significant increase in jaw opening at the end of wearing a Teuscher 

activator appliance.  However, their measurements were taken at the incisal edge of 

the mandibular teeth in growing individuals, and as there is a strong correlation 

between age and range of motion (Vanderas, 1992), the increase is likely attributable 

to growth. In a follow-up paper (Cuevas et al, 2013), the increase in opening returned 

back to pre-treatment value after a period of 2 years, and they ascribed the transient 

increase to laxity in the joint following functional treatment.  The Teuscher appliance 

mode of action is the more traditional “bite jumper”, where the mandible is postured 

forwards, with the condyle positioned on the anterior articular eminence. The 

argument of joint laxity would appear to have some merit, with the jaw ultimately 

returning to normal function.  A similar effect was observed by O’Shea et al (2010).  

A possible explanation for our subjects not exhibiting such changes could be the fact 

that the FORSUS appliance works as a fixed pusher as opposed to the traditional bite 

jumper, which may apply less stress to the TMJ complex. 

 

The bilateral FORSUS participants (N=2) showed markedly dissimilar results, with 

individual 6 showing relatively consistent initial (in this instance, a pre-FORSUS 
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recording as opposed to a pre-treatment) and final values, whilst individual 7 had a 

nearly three-fold increase in opening between the initial and final recordings.  One 

possibility for the discrepancy was personality type – individual 7 was a shy, hesitant 

person, and the initial recordings may have been a reflection of the foreign 

surroundings, despite attempts to put people at ease. As discussed above, a further 

effect on the open-close events may have been the instruction to open to comfortable 

levels, and this perception may well have differed at the different time points.  

Possibly more consistent results may have been obtained by the use of a maximum 

opening instruction, but at the higher risk of possible injury. 

 

Opening curves were also plotted with initiation of movement oriented at the origin of 

the curves, and gave an indication as to the individual duration of opening as well as 

the velocity of the movement, as represented by the gradients of the curves.  There 

was considerable variation in the opening curves, with some individuals showing 

consistent movements, whilst others showed differing curves within the same session.  

It can only be assumed that the artificial surroundings and concentration of the task at 

hand were a factor in these curves.  There was overall a greater spread of curves in the 

X-axis compared to the Y-axis, showing that duration of opening was more variable 

than peak comfortable opening, which in itself is somewhat intuitive.  The gradients 

of the curve reflect the velocity of opening and these were more variable for those 

with greater fluctuation in either plane.  The averaged opening graphs approximated a 

linear curve, and trend lines were applied to assess fluctuation of velocity.  Whilst this 

process may be criticized as ignoring the lag phase and slight curves in the curve 

itself, it does offer a method of comparison that is uniformly applied throughout.  An 

alternative would have been to determine the more linear part of the average curve by 

spicing off the initial lag and final slowing part of the opening cycle, but it was felt 

that there was likely to be as much method error in this process when compared to 

uniform application of best fit linear trend line.  Most opening movements occurred 

within one second, so a moderate correlation was observed between average 

combined peak opening and average velocity (Table 7.1), to the closest whole value. 
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Participant Task Peak average 

opening (mm) 

Average opening 

velocity (mm/S) 
Participant 1 Pre-treatment 15 14 

 Pre-FORSUS 10 10 

 Post-FORSUS 8 8 

 Post-Treatment 8 13 

Participant 2 Pre-treatment 10 14 

 Pre-FORSUS 9 10 

 Post-FORSUS 10 14 

 Post-Treatment 11 13 

Participant 3 Pre-treatment - - 

 Pre-FORSUS 15 14 

 Post-FORSUS 10 8 

 Post-Treatment 7 6 

Participant 4 Pre-treatment 8 11 

 Pre-FORSUS 7 8 

 Post-FORSUS 11 11 

 Post-Treatment 10 9 

Participant 5 Pre-treatment 15 16 

 Pre-FORSUS 12 16 

 Post-FORSUS 13 17 

 Post-Treatment 14 26 

Participant 6 Pre-treatment - - 

 Pre-FORSUS 12 15 

 Post-FORSUS 10 12 

 Post-Treatment 14 20 

Participant 7 Pre-treatment 5 7 

 Pre-FORSUS 10 14 

 Post-FORSUS 13 25 

 Post-Treatment 12 10 

 

Table 7.1.  Comparison of peak average opening (mm) and average opening velocity 
(mm/S) for all participants at all time points. 
 

There were three notable exceptions: participant 1 indicated a net drop in average 

opening, whilst the velocity of opening remained approximately the same, when 
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comparing the initial and final recording values.  This would suggest similar muscle 

contraction at the two time points, but to a different end point.  Individual 3 had a 

similar drop in both velocity and peak opening, suggesting that the peak opening may 

have been limited by slower movement of the mandible itself.  Participant 7 showed 

the opposite effect to individual 3 – there was an increase in both velocity and 

opening overall but, interestingly, the increase in peak opening was more than double 

the increase in velocity.  No explanation can be found for this observation, other than 

perhaps that increased velocity may assist in greater opening – however, it must be 

born in mind that the task instruction (not maximum opening) may have played a 

greater role in the variation seen. 

 

It has been suggested that protrusion is a more reliable indicator of mandibular 

movement (Naeije, 2003), due to continued compression of the condyle head against 

the disc.  Our data would indicate that there is a greater degree of variation in the 

protrusion exercises compared to open-close tasks, although it must be borne in mind 

that the individuals were all undergoing orthodontic treatment for their Class II 

malocclusions.  Buschang et al. (2001) and Hirsch et al. (2006) reported that the 

amount of protrusion at the incisor edge was in the region of 8.2 mm to 9.3 mm, and 

that the condyle mimicked this magnitude of movement.  The participants in our 

study exhibited a wide range of movement, from 1.24 mm to 11.84 mm, with most 

individuals showing peak protrusion values between 5.5 mm and 6.8 mm.  This is 

slightly less than that reported previously, but may be ascribed to the fact that our 

subjects were requested to perform their tasks within the feeling of comfort, so 

measurements did not represent maximum excursions.  It was also evident that 

reduction in the overjet played a role in the protrusion task, with some subjects only 

protruding as far as the overjet allowed (individual 7).  As the overjet had been 

reduced during treatment, this constrained the forward movement (see discussion 

below). 

 

Rotation of the jaw around the Y-axis (vertical) was examined in the group with the 

unilateral FORSUS appliance to determine whether sustained force delivered to one 

side of the masticatory system would influence jaw rotation during the open and close 

cycle.  Leader et al (2003) determined that rotation in the axial plane was less than 2 

degrees, and our data largely supports his findings.  The group maximum jaw rotation 
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values did not vary during the four time-points of recordings, but similar to jaw 

opening, there were individual variations.  Paired t-tests showed three repeats with 

significance less than P ≤ 0.05, with two at the one percent level.  One repeat showed 

both clinical and statistical significance (individual 4, pre-FORSUS recording), but 

this seemed to occur as a result of an anomalously higher rotation during one 

recording when compared to all other rotation recordings for that individual. As this 

was a pre-FORSUS recording, it could not possibly be attributable to the appliance, 

and was put down to a random event.  The data overall would indicate that use of a 

unilateral FORSUS appliance does not have any clinically discernable effect on jaw 

rotation.  

 

Recordings undertaken pre-treatment and pre-FORSUS would serve to determine 

whether the effect of placement of fixed appliances would have any effect on jaw 

kinematics, as the individual would have had the fixed appliances placed onto the 

teeth at some point in the interval between the recordings. There was no significant 

effect in any of the parameters examined, other than jaw rotation, although the 

difference was still less than two standard deviations and therefore can be interpreted 

as clinically non-significant.  The significance could also be attributed to the inclusion 

of the anomalous rotation recording of individual 4, as discussed above.  The findings 

are in agreement with Thomas et al (1995), who also reported no change with the 

placement of fixed appliances.  

 

There is the possibility of a training effect, both within each recording session, as well 

as between sessions, although within session differences appear to be minimal, as 

discussed above.  The progressive nature of individual 7’s open – close cycles 

through the different recordings (pre-treatment, pre-FORSUS, Post-FORSUS and 

post-treatment) may be an example of such an effect, where there are incremental 

increases at each time point. As discussed previously, this may be attributable to the 

interpretation of the instructions for the task, where individuals were requested to 

open to a comfortable level, and this level is likely to have varied at the different time 

points.  However, one cannot discount the effect of familiarity causing improved 

performance. 

All subjects in the study had some degree of a Class II malocclusion, and one of the 

objectives of treatment is to reduce the overjet (amount by which the upper incisor 
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teeth protrude in front of the lower incisor teeth in occlusion).  The reduction of the 

overjet may have provided a mechanical barrier to the protrusion task, especially if 

the candidate was sliding forward along the occlusal plane.  This is best illustrated by 

individual 7, who’s post-treatment protrusion recording recorded a zero net anterior 

movement.  The graph illustrates that there was retrusion from the initial resting 

position, followed by a protrusive movement back to the initial starting point, 

followed by a reversal of the movement.  It was particularly interesting to observe this 

individual during the final recording, as it was apparent that she was sliding along the 

occlusal plane until the incisor teeth made contact.  No attempt was made to interfere 

with her attempts at movement, as this still fell within the instructions of “comfortable 

forwards movement of the lower jaw”, whilst realising that she was essentially 

reproducing the slide from centric relation (CR) to maximum intercuspation (MIC). 

 

Recruitment of participants into the study was generally high, assisted by the financial 

incentive of reduced treatment fee.  However, as with many clinical trials where there 

is use of super-specialised treatment methods (in this case, the FORSUS appliance), 

this study suffered from overall low numbers.  There are certain clinical criteria for 

use of the FORSUS appliance, so those patients who actually had a FORSUS placed 

formed a minority set of those undergoing orthodontic treatment at the facility.  In 

addition, the appliance was relatively new on the market, particularly at the centre 

where the trial was being conducted.  Ten individuals were recruited in total, with five 

in each subset of unilateral and bilateral appliances – more participants were 

earmarked for inclusion into the study, but had their treatment modality changed, 

resulting in fewer participants overall.  There was a significant degree of erosion of 

the participants, resulting in five in the unilateral group and only two in the bilateral 

group.  Of these, one in each group did not have pre-treatment recordings, as the 

decision to use the FORSUS appliance was made after fixed appliances had already 

been placed.  As outlined briefly in the literature review section (Chapter 2), the 

number of participants in jaw kinematic studies varies wildly, from single case studies 

to several hundred.  The number of participants often depends on the type of study 

(normative versus interventive), population at hand, as well as the complexity of the 

recording mechanism.  Simple measurement of opening using a ruler means that a 

large number of recordings can be done with a minimum of complexity.  The current 

study employed hi-tech equipment that required a full working day to set up, calibrate 
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and record each participant.  The setting up and calibration was often done in the 

morning, with the participant’s recording done in the afternoon.  Each attendance by 

the participant required a visit to the dental school to remove arch wires, or the 

FORSUS appliance, or have attachments bonded to the teeth.  At the same time, the 

splint was modified to make sure it was secure.  The participant then relocated to the 

recording laboratory, an adjoining building that housed the Eagle camera system, the 

splint placed and skull markers positioned.  After recording, the participant was 

returned to the dental school, and the reverse done to get back to the initial pre-

recording state.  This detailed explanation serves to illustrate the resources required 

(particularly time) to enable a single recording session, and it was very frustrating 

indeed when participants failed to turn up for their scheduled recordings (this 

happened on at least three occasions).  The most common number of participants in 

the papers examined in the literature review section was 10, which was the original 

number included in our study.  Whilst the number in this study was within the sphere 

of similar studies, it fell short of the 27 in the study by Cacho and Martin (2007) and 

Cuevas et al. (2013), pre and post treatment using a Teuscher activator.  Ideally, a 

greater initial recruitment in this study would have compensated for erosion of 

participants and provided more robust statistical analysis, but as mentioned, numbers 

were limited by the dictate of clinical practice. 

 

The opto-electric recording system in this study utilized a 12-camera system, which 

greatly enhanced recording accuracy (Johnson et al, personal communication). As 

there were a greater number of cameras surrounding the subject, there was a reduction 

in the loss of tracking of a particular marker, and greater accuracy in compensating 

for lost data by means of using other markers to virtually create the missing segment.  

One down side of the use of more cameras was the greater appearance of ghost 

markers from reflective surfaces (Josefsson, 1996), but usually this could be well 

controlled as part of the recording set up procedure by careful blanking out of 

reflective surfaces, as well as digital masking during the post-processing. 

 

Our study employed the use of a custom designed splint that was attached to 

mandibular dental structures (therefore rigid), thus eliminating the effect of soft tissue 

inaccuracy (Häggman-Henrikson 1998).  In addition, the splint design allowed 

movement to start from MIC, similar in principle to other studies that employed a 
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bonded splint to the tooth structures (Buschang, 2000, 2001; Leader et al., 2003a, b; 

Häggman-Henrikson, 1998; Ostry, 1997; Yoon et al., 2006; Zafar et al., 2000a). As 

the splint attached to bonded orthodontic appliances, the splint could be removed and 

replaced as required.  Soft tissue stretch for cranial markers was reduced by the use of 

a swimming cap that was stretched tightly over the subjects’ head (Leader et al., 

2003; Johnson et al., 2007, O’Shea et al., 2010). 

 

This study used dynamic calibration to determine the accuracy with which the 

reflector markers were recorded.  A rigid wand of known length was used during the 

calibration recording, and the wand was waved within the recording volume with as 

much of the volume incorporated into the movement of the wand.  Two values were 

assessed – the accuracy with which the system could determine the set distance of the 

wand reflectors (a known distance of 500mm), and the determination of the 3D 

residuals.  The latter assess the accuracy with which two or more cameras could 

localize a particular marker.  The values obtained in this study for the 3D residuals 

(0.37+/-0.03 mm) are in accordance with other studies using the same equipment 

(Johnson et al., 2007; Pal  et al, 2007; Milosavljevic et al., 2008, O’Shea et al, 2010).  

The determination of the wand length was 499.96 +/- 0.04 mm under dynamic 

conditions, and this is comparable to the values obtained by Ferrario et al., (2005). 

 

As with most studies, post-recording smoothing was performed using a Butterworth 

filter to eliminate any high frequency noise in the data.  Whilst this process worked 

well for most recordings, there was one notable recording (Post-Treatment protrusion 

recording for Individual 7) where the data remained un-smoothed, despite having 

been processed in exactly the same fashion as the other data.  There are a number of 

possibilities for this, including: 

• Diminished reflection from the markers, having been in service for 

several years. 

• Insecure attachment to the bonded dental attachments – especially for 

post-treatment recordings, where attachments were bonded especially 

for the recording.  As the occlusion was now in a more ideal position 

than during previous sessions (mainly reduced overjet), it was not 

uncommon to find minor occlusal interference with the anterior 



 94 

attachment, which was generally a Begg-type bracket. Any minor 

occlusal interference may have set up vibrations in the arms of the 

outer frame, which then superimposed as slightly lower amplitude 

vibrations on the recorded curve. 

	

Despite the unsmoothed appearance of the graph in this particular case, it was 

unlikely to have significantly affected the data of interest (peak values for opening, 

protrusion and rotation), and the data were retained in the original form. 

 

An advantage of this study was the use of the virtual condyle point to compare 

measurements over different time points, as it reduced the effect of mandibular 

growth (the subjects were all growing), as well as potential effect from treatment. The 

effect of growth as a confounder in result interpretation is therefore likely to be 

minimal. Koolstra (2002) argued against using a single point to describe the motion of 

the mandible, as a singularity did not possess orientation, and that rotation about axes 

through the point had no meaning.  However, the virtual point used in this study was 

located on the inter-condylar axis, so in effect had orientation as well as clinical 

relevance.  Koolstra also pointed out that jaw movement could not be reconstructed 

from the movement of the point – this issue was not relevant in the current study, as 

the movement of the whole jaw had been distilled to the single virtual point, and data 

movement of the whole mandible could be determined at any stage.  

 

A large downside of the small sample in this study is the ability to statistically analyse 

the data, particularly with respect to the bilateral group with only two participants. 

Low numbers make it difficult to assess whether the assumptions of the methods are 

met, and whether the participants are representative of the greater population.  

Furthermore, low sample numbers are often associated with high variability that can 

make it hard to detect any effect that may be present. The data were analysed using 

descriptive data, which could be interpreted both on a mathematical as well as clinical 

level.  T-tests were used where possible to determine statistical significance of 

differences, especially when comparing repeat measures, and differences between 

multiple repeat tasks over different time points. In consultation with a statistician, it 

was determined that use of Analysis of Variance (ANOVA) would not be appropriate 

due to the number of participants in the study. 
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Chapter 8.  CONCLUSIONS 

 

The use of a unilateral FORSUS appliance does not appear to influence jaw opening 

either during or after treatment.  In a similar fashion, mandibular protrusion and 

mandibular rotation during opening also did not appear to be influenced.  The clinical 

interpretation is that a unilateral FORSUS appliance can be used with the confidence 

that mandibular motion will unlikely be adversely affected. 

 

Due to low numbers, the effect of a bilateral FORSUS appliance on mandibular 

opening and protrusion was more difficult to interpret, and considerable variation was 

observed between the individuals, both on the open-close cycle and protrusion.  

 

The results of this study would indicate that there is little difference between repeat 

tasks within the same recording session.  This would suggest that a single task would 

be sufficient for future studies.  

 

The placement of fixed appliances appeared to have a negligible effect on mandibular 

motion. 
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Chapter 9. FUTURE STUDIES 

 

The current data set contains right and left excursion data, which has not been 

assessed for this study.  A logical progression would be to analyse the recordings in a 

similar fashion to that described within this study – not only to assess the changes that 

take place, but also to assist in creating a complete picture of jaw movement during 

FORSUS placement that can be used to compare with other studies. 

 

Within the context of this study design, the research could be extended to: improve 

the number of participants, refine the parameters of mandibular movement such that 

maximum excursions are included and also to obtain recordings with the FORSUS 

appliance in place to assess the effect of the device in situ on movement. 

 

An extension on the theme of functional appliance effect on jaw movement would be 

to repeat the study using a fixed traditional (“bite jumper”) type appliance, which 

would add to the clinical appreciation all modes of functional appliance wear.  An 

appliance that would be suitable is the Herbst fixed functional.   
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Appendix A 

 

INFORMATION	SHEET	FOR	PARTICIPANTS	AND	PARENTS	
	

The	influence	of	orthodontic	treatment	on	mandibular	(lower	jaw)		
motion	

	
You	 are	 invited	 to	 participate	 in	 a	 study	 looking	 at	 how	 the	 jaw	 movement	
responds	to	certain	orthodontic	treatment.	
	
What	is	the	Aim	of	the	Project?	
The	aim	of	this	study	is	to	examine	the	effect	of	orthodontic	therapy	(the	braces	
that	you	are	wearing)	on	the	position	and	function	of	the	mandible	(lower	jaw).	
	
What	Type	of	Participants	are	being	sought?	
Individuals	 who	 are	 scheduled	 to	 undergo	 a	 course	 of	 functional	 appliance	
therapy	within	the	Discipline	of	Orthodontics,	University	of	Otago.	
	

• Exclusion	criteria	
	

Individuals	 that	 have	 had	 prior	 orthodontic	 treatment	will	 be	 excluded	
from	the	study	

	
What	will	participants	be	asked	to	do?	
Should	 you	 agree	 to	 take	 part	 in	 this	 project,	 you	 will	 be	 asked	 to	 perform	 a	
series	 of	 opening	 and	 closing	 movements	 with	 your	 lower	 jaw.	 	 This	 will	 be	
performed	prior	to	your	orthodontic	 treatment,	during	the	course	of	 treatment	
and	again	following	the	end	of	planned	therapy.	
	
You	will	be	given	a	removable	bite	splint	to	wear	during	the	camera	recording	of	
the	study.		A	metal	frame	will	be	inserted	into	the	splint	which	will	sit	outside	the	
mouth	and	will	hold	a	number	of	reflective	markers.		You	will	also	wear	a	cap	on	
your	head	with	reflective	markers	attached.	
	
The	movement	of	your	jaw	will	be	tracked	and	recorded	by	cameras	set	up	in	the	
recording	 laboratory.	 	 The	 recording	 of	 the	 movements	 per	 session	 will	 take	
approximately	 30-40	 minutes.	 	 The	 study	 will	 be	 performed	 on	 Level	 1,	
Biomechanics	Laboratory,	School	of	Physiotherapy,	University	of	Otago.	
	
	



 123 

	
Can	participants	change	their	mind	and	withdraw	from	the	project?	
You	may	withdraw	from	participation	in	the	project	at	any	time	without	having	
to	give	a	reason	and	without	any	disadvantage	to	yourself	of	any	kind.	
	
Who	will	conduct	the	study?	
The	 study	 will	 primarily	 be	 carried	 out	 by	 Andrew	 Quick,	 Senior	 Lecturer	 in	
Orthodontics.	
	
What	data	or	information	will	be	collected	and	what	use	will	be	made	of	it?	
Some	personal	information	will	be	collected	during	the	course	of	the	study.	The	
researchers	of	the	study,	in	the	Department	of	Physiotherapy	and	Oral	Sciences,	
keep	this	information.	 	Such	details	are	routinely	obtained	and	recorded	during	
your	 care	within	 the	 Oral	 Sciences	 department	 at	 the	 Dental	 School.	 	 Records	
such	 as	 your	 age,	 gender,	 height	 and	weight	will	 be	 recorded.	 	 You	may	 have	
access	if	you	wish	to	review	this	information.	
	
The	results	of	the	project	may	be	published	and	will	be	available	in	the	Library.		
Your	 identity	will	 not	 be	 disclosed	 in	 any	way.	 	 You	will	 be	most	welcome	 to	
request	a	copy	of	the	results	of	the	project	should	you	wish.	
	
The	data	collected	will	be	securely	stored	in	such	a	way	that	only	the	conductors	
of	the	study	mentioned	above	will	be	able	to	gain	access	to	this	information.		At	
the	end	of	 the	project	any	personal	 information	will	be	destroyed	 immediately	
except	 that,	 as	 required	 by	 the	 University’s	 research	 policy,	 and	 raw	 data	 on	
which	the	results	of	the	project	depend	will	be	retained	in	secure	storage	for	ten	
years,	after	which	it	will	be	destroyed.	
	
What	if	participants	have	any	questions?	
If	you	have	any	questions	about	our	project,	either	now	or	in	the	future,	please	
feel	free	to	contact:	
	

Mr.	 Andrew	 Quick,	 Department	 of	 Oral	 Sciences,	 School	 of	 Dentistry,	
University	of	Otago.	

	 Telephone	no:	479-7068	
	
This	 project	 has	 been	 reviewed	 and	 approved	 by	 the	 Lower	 South	 Regional	
Ethics	Committee.	
	
Thank	you	for	showing	an	interest	in	this	project.	 	Please	read	this	information	
sheet	 carefully	before	deciding	whether	or	not	 to	participate.	 	 If	 you	decide	 to	
participate,	we	thank	you.	
	
In	recognition	of	your	participation	(and	completion)	in	this	study,	we	will	offer	
a	 fifty	percent	 reduction	 in	 the	orthodontic	 treatment	 fee.	 	 If	you	are	currently	
undergoing	treatment,	we	can	offer	a	termination	of	your	monthly	payments,	 if	
more	than	half	your	fee	has	been	paid,	or	a	reduction	of	50%	off	the	total	fee	if	
you	have	nor	contributed	half	the	fee	yet.		If	you	have	paid	for	your	treatment	in	
full,	we	unfortunately	have	no	means	by	which	we	can	refund	you.	
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If	you	decide	not	to	take	part	there	will	be	no	disadvantage	to	your	treatment	in	
any	way	and	we	thank	you	for	considering	out	request.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Mandibular	Motion	study	information	sheet,	version	2.	15	May	2007	
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Appendix	B	

 

CONSENT	FORM	
	

STUDY:	THE	INFLUENCE	OF	ORTHODONTIC	TREATMENT	ON	MANDIBULAR	
FUNCTION	

	
	

REQUEST	FOR	INTERPRETER	
English	 I	wish	to	have	an	interpreter	 Yes	 No	
Maori	 E	 hiahia	 ana	 ahau	 ki	 tetahi	

kaiwhakamaori/kaiwhak	pakeha	korero	
Ae	 Kao	

Cook	
Island	

Ka	inangaro	au	I	tetai	tangata	uri	reo	 Ae	 Kare	

Fijian	 Au	gadreva	me	dua	e	vakadewa	vosa	vei	au	 Io	 Sega	
Niuean	 Fia	 manako	 au	 ke	 fakaaoga	 e	 taha	 tagata	

fakahokohoko	kupu.	
E	 Nakai	

Samoan	 Out	e	mana	‘o	ia	I	ai	se	fa’amatala	upu	 Ioe	 Leai	
Tokelaun	 Ko	 au	 e	 fofou	 ki	 he	 tino	 ke	 fakaliliu	 te	 gagana	

Peletania	kin	a	gagana	o	na	motu	o	te	Pahefika	
Ioe	 Leai	

Tongan	 Oku	ou	fiema’u	ha	fakatonulea	 Io	 Ikai	
	 Other	 languages	 to	 be	 added	 following	

consultation	with	relevant	communities	
	 	

	
I	 have	 read	 and	 I	 understand	 the	 information	 sheet	 dated	 May	 2007	 for	
volunteers	 taking	 part	 in	 the	 study	 designed	 to	 investigate	 the	 effect	 of	
orthodontic	treatment	on	mandibular	(jaw)	function.		I	have	had	the	opportunity	
to	discuss	this	study.		I	am	satisfied	with	the	answers	I	have	been	given.	
	
I	 have	 had	 the	 opportunity	 to	 use	whanau	 support	 or	 a	 friend	 to	 help	me	 ask	
questions	and	understand	the	study.	
	
I	understand	that	taking	part	in	the	study	is	voluntary	(my	choice)	and	that	I	may	
withdraw	 from	 the	 study	 at	 any	 time	 and	 this	will	 in	 no	way	 affect	my	 future	
health	care	/	continuing	health	care.	
	
I	 understand	 that	 my	 participation	 in	 this	 study	 is	 confidential	 and	 that	 no	
material	which	could	identify	me	will	be	used	in	any	reports	on	this	study.	
	
I	understand	the	compensation	provisions	for	this	study.	
I	have	had	time	to	consider	whether	to	take	part.	
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I	know	who	to	contact	if	I	have	any	side	effects	to	the	study.	
	
I	wish	to	receive	a	copy	of	the	results	 	 	 	 	 YES	/	NO	
	
	
	
I		___________________________________		(full	name)	hereby	consent	to	take	part	in	this	
study.	
	
	
	
	
Date:	
	
	
	
	
	
Signature:	
	
	
	
	
	
Full	name	of	researcher:	 	 	 Andrew	Quick	
Contact	phone	number	for	researchers:	 03-479-7068	
Project	explained	by:		 	 	 Andrew	Quick	
	
	
	
Signature:	
	
	
	
Date:	
	
	
	
	
	
	
	
	
	
Mandibular	Motion	Consent	Form,	version	2.	15	May	2007	
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Appendix	C	
Unilateral FORSUS appliance, open-close 

 
1) Participant 1, Female 
 
Pre-orthodontic recording 12/6/07 
 

 
 
Recordings pre-FORSUS 12/3/08 
 

 
 
FORSUS placed 22/04/08 
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Post FORSUS recordings 2/7/08 
 

 
 
 
Post treatment recordings 19/4/10 
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Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear, and post treatment.   
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2) Participant 2, Female 
 

Pre-orthodontic recording 14/6/07 
 
 

 
 
 
Orthodontic treatment pre-FORSUS 19/3/08 
 

 
 
 
 
30/4/08: FORSUS placed 
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Post  FORSUS in place for 12 weeks 1/8/08 
 

 
 
 
 
Post Treatment 3/3/10 
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Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear, and post treatment.   
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3) Participant 3, Male 
 
Pre-orthodontic recording  
 
None taken 
 
Recordings pre-FORSUS 18/6/07 
 
 

 
 
FORSUS placed 22/6/07 
 
Post FORSUS recordings 3/9/07 
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Post treatment recordings 21/2/08 
 

 
 
 
Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-FORSUS, after FORSUS wear, and post treatment.   
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4) Participant 4 
 
Pre-treatment recording 14/8/07 
 

 
 
 
Recordings pre-FORSUS 26/03/08 
 

 
 
 
 
FORSUS placed 7/4/08 



 136 

 
Post FORSUS recordings 30/7/08 
 

 
 
Post treatment recordings 10/3/10 
 

 
 
 
 



 137 

Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear, and post treatment.   
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5) Participant 5, Female 
 
Pre-treatment recording 12/10/07 
 

 
 
 
Recordings pre-FORSUS 14/5/08 
 

 
 
 
 
FORSUS placed 10/06/08 
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Post FORSUS recordings 26/9/08 
 

 
 
 
 
Post treatment recordings 24/2/10 
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Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear, and post treatment.   
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Appendix D 
Unilateral FORSUS appliance, Protrusion 

 
 
1) Individual 1, Female 
 
Pre-orthodontic recording 12/6/07 
 

 
 
Recordings pre-FORSUS 12/3/08 
 

 
 
FORSUS placed 22/04/08 
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Post FORSUS recordings 2/7/08 
 

 
 
 
 
Post treatment recordings 19/4/10 
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Overall effect 
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2) Individual 2, Female. 
 

Pre-orthodontic recording 14/6/07 
 

 
 
 
Orthodontic treatment pre-FORSUS 19/3/08 
 

 
 
 
30/4/08: FORSUS placed 
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Post  FORSUS in place for 12 weeks 1/8/08 
 

 
 
 
Post Treatment 3/3/10 
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Overall effect 
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3) Individual 3, Male 
 
Pre-orthodontic recording  
 
None taken 
 
Recordings pre-FORSUS 18/6/07 
 

 
 
FORSUS placed 22/6/07 
 
Post FORSUS recordings 3/9/07 
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Post treatment recordings 21/2/08 
 

 
 
 
 
Overall effect 
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4) Individual 4, Female 
 
Pre-treatment recording 14/8/07 
 
 

 
 
 
Recordings pre-FORSUS 26/03/08 
 

 
 
 
 
 
FORSUS placed 7/4/08 
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Post FORSUS recordings 30/7/08 
 

 
 
 
Post treatment recordings 10/3/10 
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Overall effect 
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5) Individual 5, Female 
 
Pre-treatment recording 12/10/07 
 

 
 
 
Recordings pre-FORSUS 14/5/08 
 

 
 
 
FORSUS placed 10/06/08 
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Post FORSUS recordings 26/9/08 
 

 
 
 
Post treatment recordings 24/2/10 
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Overall effect 
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Appendix E 
Unilateral FORSUS appliance, Rotation 

around the Y-axis 
 

 
1) Individual 1, Female 
 
Pre-orthodontic recording 12/6/07 
 
FORSUS placed on RHS 
 

 
 
Recordings pre-FORSUS 12/3/08 
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FORSUS placed 22/04/08 
 
Post FORSUS recordings 2/7/08 
 
 

 
 
 
Post treatment recordings 19/4/10 
 

 
 
 



 157 

Overall effect 
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2) Individual 2, Female. 
 

Pre-orthodontic recording 14/6/07 
 
FORSUS placed on LHS 
 

 
 
 
Orthodontic treatment pre-FORSUS 19/3/08 
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30/4/08: FORSUS placed 
 
 
Post  FORSUS in place for 12 weeks 1/8/08 
 

 
 
 
 
 
 
Post Treatment 3/3/10 
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Overall effect 
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3) Individual 3, Male 
 
Pre-orthodontic recording  
 
None taken 
 
Recordings pre-FORSUS 18/6/07 
 

 
 
FORSUS placed 22/6/07 
 
Post FORSUS recordings 3/9/07 
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Post treatment recordings 21/2/08 
 

 
 
 
 
Overall effect 
 

 
 
 



 163 

4) Individual 4, Female 
 
 
Pre-treatment recording 14/8/07 
 

 
 
 
Recordings pre-FORSUS 26/03/08 
 

 
 
 
 
FORSUS placed 7/4/08 
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Post FORSUS recordings 30/7/08 
 

 
 
 
Post treatment recordings 10/3/10 
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Overall effect 
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5) Individual 5, Female 
 
Pre-treatment recording 12/10/07 
 

 
 
Recordings pre-FORSUS 14/5/08 
 

 
 
FORSUS placed 10/06/08 
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Post FORSUS recordings 26/9/08 
 

 
 
 
Post treatment recordings 24/2/10 
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Overall effect 
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Appendix F 
Bilateral FORSUS appliance, open-close 

 
 
1). Individual 6, Female 
 
Pre-orthodontic recording  - None 
 
Recordings pre-FORSUS 16/7/07 
 

 
 
 
FORSUS placed 23/07/07 
 
Post FORSUS recordings 26/09/07 
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Post treatment recordings 01/03/10 
 

 
 
 
Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear, and post treatment.   
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2) Individual 7, Female 
 
 
Pre-orthodontic recording 20/7/07 
 

 
 
Recordings pre-FORSUS 19/3/08 
 

 
 
FORSUS placed 09/04/08 
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Post FORSUS recordings 27/6/08 
 

 
 
 
Post treatment recordings 12/4/10 
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Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear, and post treatment.   
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Appendix G 
Bilateral FORSUS appliance, Protrusion 

 
1). Individual 6, Female 
 
Pre-orthodontic recording  - None 
 
 
Recordings pre-FORSUS 16/7/07 
 

 
 
FORSUS placed 23/07/07 
 
Post FORSUS recordings 26/09/07 
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Post treatment recordings 01/03/10 
 

 
 
 
Overall effect 
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2) Individual 7 
 
Pre-orthodontic recording 20/7/07 
 

 
 
Recordings pre-FORSUS 19/3/08 
 

 
 
FORSUS placed 09/04/08 
 
 
 
Post FORSUS recordings 27/6/08 
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Post treatment recordings 12/4/10 
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Overall effect 
 
Openings 1 and 2 were combined (thus, are the average of 12 trials) and the average 
plotted for pre-treatment, pre-FORSUS, after FORSUS wear and post treatment.   
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Appendix H 
Unilateral FORSUS appliance, opening 

Qualitative assessment and velocity 
 

 
1) Individual 1, Female 
 
Pre-orthodontic recording 12/6/07 
 

 
 
Recordings pre-FORSUS 12/3/08 
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FORSUS placed 22/04/08 
 
Post FORSUS recordings 2/7/08 
 
 

 
 
 
Post treatment recordings 19/4/10 
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Overall effect 
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2) Individual 2, Female. 
 

Pre-orthodontic recording 14/6/07 
 

 
 
Orthodontic treatment pre-FORSUS 19/3/08 
 

 
 
 
 
 
30/4/08: FORSUS placed 
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Post  FORSUS in place for 12 weeks 1/8/08 
 

 
 
 
 
Post Treatment 3/3/10 
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Overall effect 
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3) Individual 3, Male 
 
Pre-orthodontic recording  
 
None taken 
 
Recordings pre-FORSUS 18/6/07 
 

 
 
FORSUS placed 22/6/07 
 
Post FORSUS recordings 3/9/07 
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Post treatment recordings 21/2/08 
 

 
 
 
Overall effect 
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4) Individual 4, Female 
 
 
Pre-treatment recording 14/8/07 
 

 
 
 
Recordings pre-FORSUS 26/03/08 
 

 
 
 
 
FORSUS placed 7/4/08 
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Post FORSUS recordings 30/7/08 
 

 
 
 
Post treatment recordings 10/3/10 
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Overall effect 
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5) Individual 5, Female 
 
Pre-treatment recording 12/10/07 
 

 
 
Recordings pre-FORSUS 14/5/08 
 

 
 
FORSUS placed 10/06/08 
 
 
 
 
 



 191 

Post FORSUS recordings 26/9/08 
 

 
 
 
Post treatment recordings 24/2/10 
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Overall effect 
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Appendix I 
Bilateral FORSUS appliance, opening 

Qualitative assessment and velocity 
 

 
1). Individual 6, Female 
 
Pre-orthodontic recording  - None 
 
 
 
 
 
Recordings pre-FORSUS 16/7/07 
 

 
 
 
FORSUS placed 23/07/07 
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Post FORSUS recordings 26/09/07 
 

 
 
 
Post treatment recordings 01/03/10 
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Overall effect 
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2) Individual 7, Female 
 
 
Pre-orthodontic recording 20/7/07 

 
 
 
 
Recordings pre-FORSUS 19/3/08 
 

 
 
FORSUS placed 09/04/08 
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Post FORSUS recordings 27/6/08 
 

 
 
 
 
 
 
Post treatment recordings 12/4/10 
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Overall effect 
 
 

 
 
 
 
 
	
	
	
	


