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Chapter 1

GENERAL INTRODUCTION

The research described in this thesis focuses on the development, implementation, 
optimisation and evaluation of three-dimensional (3D) virtual surgical planning 
(VSP) workflows and patient-specific implants (PSI) and temporomandibular joint 
total joint replacements (TMJ-TJRs) for Oral and Maxillofacial surgery (OMFS) 
purposes. Despite the focus on OMFS, the suggested and applied techniques in this 
thesis are translatable, applicable and potentially beneficial to, e.g., other fields of 
surgery and biomechanics. 

3D technology in Oral and Maxillofacial Surgery
Over the past decade, 3D-VSP and patient-specific modelling (PSM) of (reconstruc-
tive) implants and surgical tools have gained in popularity and found new applica-
tions rapidly. The general availability of software, along with the drastic increase in 
the computational power of computers, has led to better availability of 3D virtual 
techniques as well. The use of 3D technology has been incorporated in patient care 
resulting the number of 3D designed PS or custom implants, often inaccurately 
referred to as CAD/CAM, and total joint replacement (TJR) prostheses increasing 
as well. However, despite being an extremely helpful tool, accessible and robust, 3D 
technology can simultaneously lead to inappropriate use when applied to patient care/
healthcare without the required knowledge and pre-clinical testing. This could apply 
especially to the surgeon who may be familiar with the final product but might not be 
aware of all the considerations and assumptions taken throughout the design process 
and the in-silico testing; the in-silico testing might imply, for example, different im-
plant strengths than that seen in the clinical setting. This could harm the patient with 
respect to implant failure, depending on the nature of the failure and surrounding 
delicate structures.

Since the introduction of PSM implants and TMJ-TJR prostheses about fifteen years 
ago, the above described technology has become the current standard in the OMFS 
department of the University Medical Center Groningen. Based on our own research, 
numerous indications have emerged for the application of this technology, such as in-
house developed surgical drilling and saw guides, reconstructive implants and TMJ-
TJR prostheses. With these 'first generation' PSIs, a number of conventional failures 
have been resolved, however, some have remained. Therefore, the current generation 
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of PSIs requires more attention and optimisation towards a 'second generation' to 
raise these applications to a higher level. 

With the rapid multiplication of PSM 3D-designed implants and TMJ-TJR pros-
theses, the demand for properly validated biomechanical virtual models has also in-
creased. Such models are used for, e.g., strength calculations and other digital implant 
design simulations which means an implant can be tested virtually without actually 
subjecting the implant to destructive experiments, saving on both costs and time. An 
example of such a virtual tool that can be used for such purposes is the finite element 
method, or finite element analysis (FEA). 

In the OMFS field, a large variety of osteosynthesis plates and prostheses has been 
presented in the literature for the treatment of, e.g., trauma-, oncology- or TMJ 
patients1-5. What these applications have in common is failure, e.g., loosening or frac-
turing of the implanted material, or the screw-fixation of the implant to the patient's 
bone, often resulting in failure of the reconstruction in its entirety. It appears that, to 
be successful, the implanted osteosynthesis plate and its fixations should of a match-
ing strength for the patient's specific situation6. Mandibular reconstruction failure 
through either osteosynthesis plate failure or screw loosening are widely reported in 
the literature as common causes of mechanical failure7-11, which shows the lack of a 
truly universal reconstruction solution due to the uniqueness of each patient's specific 
reconstruction situation. The accessibility and pricing of confection sized and shaped 
osteosynthesis plates have resulted in their common worldwide implementation. 
These plates are, however, predominantly associated with the reported osteosynthesis 
failure in mandibular reconstructions12-14. 

Head and neck reconstructive surgery
Patients who suffer from oral cancer, more specifically, tumours with bone invasion 
in the mandible (T4), can lose mandibular continuity after the tumour has been 
resected. This means that the mandible will no longer be connected as one piece after 
the so called segmental resection. This has major consequences for the oral functions, 
such as speech and mastication, and generally leads to discomfort for the patient15. 
Therefore, patients who are left with a mandibular bone continuity defect after a seg-
mental resection need the reconstruction to be done in an abiding manner. Preferably, 
the reconstruction of the defect is carried out with a free vascularised (bone) flap, e.g., 
a fibula or scapula graft. However, when a patient's general medical condition does 
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not allow for this type of reconstructive surgery, the mandibular continuity defect 
can be bridged using solely a conventional reconstruction plate (RP). This type of RP, 
often made of a titanium alloy, needs manual contouring through bending in order 
to match the mandible’s shape. Repetitive bending of the RP, however, weakens the 
material and this method has been reported to fail due to screw loosening or plate 
fracture13, 14, 16-19. Plate fracture is seen predominantly in the regions surrounding the 
screws nearest to the continuity defect and can be caused by fatigue through cyclic 
in situ loading17, usually encouraged by residual stress inside the plate as a result of 
repetitive bending while contouring19-21. Previous research found a failure rate of 10% 
for screw loosening and plate fracture combined12, while also failure solely due to 
plate fracture is reported in 10% of the cases8, 12-14 or only to screw loosening in 18% 
of the cases10. 

Often, cancer patients who require reconstruction of a mandibular continuity defect 
also receive postoperative radiotherapy. A common side effect of the consequent 
scarification of the soft tissues, including around the reconstruction plate, is stiffening 
and contraction of the tissues. It is not unusual for the foreign RP metallic material 
becoming dehiscent. This can occur both intra- and extra-orally22, 23. 

Even when the RP is successful and stable, there can be complications related to 
the osteosynthesis material (OSM) that can develop over time which can reduce its 
stability or make it fail in-toto. Stress-shielding can, for example, be caused by the ap-
plication of metallic RPs24. An apparent mismatch between the mechanical properties 
of the RP and the bone it is fixated to can lead to bone resorption around the implant 
and screws. This is due to a degree of underloading of the bone, causing it to remodel. 
There is, seemingly, a sophisticated balance between the plates being too weak, caus-
ing material failure, or too strong, potentially leading to stress-shielding and thereby 
disturbance of the natural equilibrium of bone formation, causing resorption of the 
surrounding bone24. 

Section I of this thesis aims to address these known (bio)mechanical complications 
following the reconstruction of continuity defects of the mandible by means of me-
chanical reconsiderations of the current conventional and PS RPs and by developing 
a finite element based alternative RP.



14

Chapter 1

Temporomandibular joint replacement surgery
Regarding patients who suffer from severe TMJ dysfunction, a TMJ-TJR may be 
necessary in the form of a prosthesis, especially when joint saving approaches do not 
suffice. Reported indications include end-stage degenerative joint disease, recurrent 
ankylosis, and congenital disorders affecting the TMJ25. Other indications for TJRs 
are condylar loss as a result of trauma or neoplasia in or near the joint, or to replace 
a failed alloplastic or autogenous reconstruction26. In most of these patients, man-
dibular movement is impaired due to either anatomical changes or surgically caused 
scarification, often resulting in pain, difficulties in speech, impaired oral function, and 
limited maximum mouth opening. 

Already in the 80’s of the past century, the value of TMJ-TJRs had become clear27. 
Pain could be drastically reduced in some cases and mandible mobility could be par-
tially restored. Yet, the available TMJ-TJR designs were not up to par for long term 
use, as was demonstrated by the Vitek-Kent debacle due to its Proplast constituents27. 
To fill in this lack of a proper long-term TMJ-TJR functioning and fulfilment of 
all the necessary requirements, a developmental project was initiated on a new type 
of TMJ-TJR prosthesis by the department of Oral and Maxillofacial Surgery in the 
Groningen University Hospital in 1988 (now University Medical Center Groningen, 
the Netherlands). The first part of the project was described in Falkenstrom’s Ph.D.-
thesis 28. His work was followed up in two successive Ph.D. theses, first by van Loon29, 
then by Kraeima30, which added the necessary steps and led to a clinically applicable 
prosthesis and actual clinical applications. The current thesis is the fourth in line 
to (partially) focus on the development of the Groningen TMJ-TJR. This time it is 
predominantly based on an optimisation perspective based on the experiences in the 
patients who received these prostheses. 

Section II of this thesis aims to increase the amount of patient-specificity of TMJ-
TJRs, especially the Groningen TMJ-TJR (G-TMJ-TJR), to optimise the functional 
qualities of these prostheses.

In-vitro validation of in-silico models
FEA has gained ground in the biomedical field since the 1970s and has proven to 
be valuable due to its non-destructive character and ease in evaluating multiple sce-
narios31. This tool can be used to virtually load digital objects and in order to predict 
and study their static or dynamic response to the loads it is subjected to. Typical 
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necessary variables that need to be assigned to the analysed object(s) depend on the 
type of FEA performed but include material properties such as Young’s modulus of 
elasticity and Poisson’s ratio. Furthermore, the object(s) need to be constrained in 
space and need to be loaded using internally or externally exerted forces. The engineer 
needs to carefully consider all the input variables and assumptions whilst setting up 
the analysis as these strongly affect the outcome of the FEA. Accurate FEA models 
help to predict a material’s behaviour without the need for destructive tests and could 
replace in-vivo tests whereas inaccurate models provide a false sense of security and 
can have catastrophic consequences.

To be able to rely sufficiently on the strength of a PSI or TMJ-TJR, which has been 
calculated and simulated virtually with, e.g., FEA, the used biomechanical model 
must be endorsed by means of a thorough validation process. To make this possible, 
the patient’s biomechanical situation should be transferred as accurately as possible 
to the physical validating process. Many FEA based PSIs and TMJ-TJRs have now 
been presented in the OMFS related literature, especially PS devices. Although the 
FEA tool is perfectly suited for complex strength calculations of such PSIs and TMJ-
TJRs, what often stands out is that the FEA input variables and assumptions are 
not patient-specific. The mechanical properties of the bone and the muscular system, 
i.e., absolute forces, force directions and attachment sites to the mandible, are often 
based on dated generic models or information that was acquired from a number of 
cadaveric dissections32-34. Such PSIs and TMJ-TJRs could be drastically over- or under 
dimensioned without the engineer or surgeon knowing, resulting in possible short or 
long-term failure of the implant.

Current literature lacks both validation of the old assumptions and consensus on the 
input variables that should be applied to representative FEA models of the human 
mandible6.

In section III of this thesis, an attempt is made to suggest a complete validated work-
flow for PS mechanical testing of the mandible, both intact or reconstructed with a 
PSI or TMJ-TJR. This method can be used to directly compare anatomically cor-
rect PS in-silico models of the mandible with an identical physical in-vitro copy. As 
mentioned, the in-silico methods used for PSI designs have not been fully validated6. 
Included are in-silico models such as FEA, presented in the literature in relation to 
designing critical implants, and they have seldomly been confirmed in-vitro2, 3, 35, 36. 
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Moreover, whenever an in-silico model is validated in-vitro, it is typically performed 
in a rather primitive and far from anatomically realistic setting5, 37-40. The muscle 
models, for example, used in the majority of FEAs and, if available, their matching 
validation testing, generally consist of muscular forces and directions that are based on 
a generic or mean model found through a handful of dissections many years ago, and 
were then assumed to be uniformly applicable over time33. The mechanical potential 
of a muscle model on the outcome of PSIs designed through FEA could be substantial 
and should be explored.

This section presents a dedicatedly developed mandibular dynamic bite simulator 
(MANDYBILATOR) apparatus together with a more straight forward mandibular 
uniaxial compression testing apparatus (MUNACAPP). The combination of both 
devices enables close in-vitro validation of in-silico experiments of the mandible, both 
intact and reconstructed, and can be applied to both static and dynamic / cyclic load 
testing scenarios in a truly PS manner.

As a proof of principle, these validation instruments, together with topology optimi-
sation, were used to develop and mechanically test a load bearing non-metallic poly-
etheretherketone (PEEK) PSI for the reconstruction of a large mandibular continuity 
defect. This was considered until now as impossible and therefore presents a perfect 
example of the value of these matching in-silico and in-vitro validations.

General aim of the thesis
The general aim of the research presented in this Ph.D. thesis is to develop, imple-
ment, validate and optimise 3D virtual surgical planning workflows and PSIs for 
two main clinical challenges in Oral and Maxillofacial Surgery. It is geared at the 
next generation of PSIs with a higher level of patient specificity than the current 
generation. 

The studied fields are: head and neck reconstructive surgery and temporomandibular 
joint replacement surgery. Section I of this thesis covers a review of the literature 
on FEA models of the mandible and applies FEA to develop an implant for recon-
structive surgery to bridge a continuity defect of the mandible. Section II covers the 
development, validation, implementation and optimisation of the Groningen TMJ-
TJR prosthesis. Section III presents the workflows, devices and validations which 
can be generally used in the development of PSIs and TMJ-TJR prostheses applied 
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during OMFS to increase patient-specificity. Furthermore, a method is presented for 
patient specific determination of the individual forces of the presented muscle model 
of the mandible, which can be used to increase the patient specificity of FEA models. 
In Chapter 8, all the knowledge obtained in sections I, II and III are amalgamated, 
resulting in a non-metallic PEEK PSI for the reconstruction of a large mandibular 
continuity defect.

The specific aims are:
• To find consensus on how to define the input parameters for a representative FEA 

model of the human mandible. (Chapter 2)
• To design and analyse PS-RPs to bridge mandibular gaps and to minimise plate 

fracture and screw pull-out-related failure. (Chapter 3)
•  To optimise the design of the Groningen TMJ prosthesis, by means of implemen-

tation of patient-specific planning and customisation. (Chapter 4)
• To validate the accuracy of placement of the patient-specific G-TMJ-TJR in the 

clinical setting. (Chapter 5)
• To develop a 4D-workflow to ascertain the PS mean axis of rotation, or fixed 

hinge, that mimics the patient’s specific physiological mouth opening. (Chapter 
6)

• To propose a contemporary method to determine the patient-specific intrinsic 
strength value of the elevator muscles. (Chapter 7) 

• To develop a universal apparatus that mechanically loads the (un)implanted 
mandible, both synthetic and cadaveric, in a patient-specifically correct manner 
(Chapter 8).

• To develop a non-metallic load bearing reconstruction of a continuity defect in the 
human mandible (Chapter 8).
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ABSTRACT

The use of finite element analysis (FEA) has increased rapidly over the last decennia 
and has become a popular tool to design implants, osteosynthesis plates and prosthe-
ses. With increasing computer capacity and the availability of software applications, 
it has become easier to employ the FEA. However, there seems to be no consensus on 
the input variables that should be applied to representative FEA models of the human 
mandible. This review aims to find a consensus on how to define the representative 
input factors for a FEA model of the human mandible. 

A literature search carried out in the PubMed and Embase database resulted in 137 
matches. Seven papers were included in this current study. Within the search results, 
only a few FEA models had been validated. The material properties and FEA ap-
proaches varied considerably, and the available validations are not strong enough for 
a general consensus. 

Further validations are required, preferably using the same measuring workflow to 
obtain insight into the broad array of mandibular variations. A lot of work is still re-
quired to establish validated FEA settings and to prevent assumptions when it comes 
to FEA applications.



27

Chapter 2

INTRODUCTION

Over the last decennia, a large variety of osteosynthesis plates and prostheses has been 
presented in the literature for the treatment of, for example, trauma, oncology or TMJ 
patients. These applications have in common that failure (loosening or fracturing) 
of the implanted material, or the screw-fixation of the implant to the patient's bone 
will often result in failure of the application. It appears crucial for success that the 
implanted osteosynthesis plates and its fixations are of a matching strength for the 
patient's specific situation.

Mandibular reconstruction failure through either osteosynthesis plate failure or screw 
loosening are widely reported in the literature as the most common causes of me-
chanical failure1-5, which shows the lack of a truly universal reconstruction solution 
due to the uniqueness of each patient's reconstruction situation. The accessibility and 
pricing of confection sized and shaped osteosynthesis plates have resulted in them 
being commonly adopted worldwide. These plates, however, are associated with the 
reported osteosynthesis failure in mandibular reconstructions6-8. There is seemingly a 
sophisticated balance between plates being too weak, causing material failure, or too 
strong, potentially leading to stress-shielding or disturbance of the natural equilibrium 
of bone formation, causing resorption of the surrounding bone9. 

The development of biomechanical models to describe the forces acting on the man-
dible, using specifically the finite element analysis (FEA), has been underway over 
the last decennia in for example automotive or aviation engineering. Accurate FEA 
models help to predict material behaviour without the need for destructive tests and 
could replace in vivo tests. With the increase in computer capacity and the avail-
ability of software applications, FEA has gained ground in the biomedical field since 
the 1970s and has proven valuable due to its non-destructive character and ease in 
evaluating multiple scenarios10. 

There are great variations between the FEA models due to differences in the input 
factors such as constraints, load application, mechanical properties of the bone, 
muscle forces and muscle force directions. Xin et al.11 describe three different material 
composition options to approach the mandible mechanically, namely a solid model 
with homogeneous material properties12 and two solid models composed of cortical 
and cancellous volume, each with their own homogeneous material properties13,14 and 
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a heterogeneous or orthotropic material assignment, meaning the bulk material prop-
erties are not the same in all directions15-17 (Figure 1). Generally, loads are approached 
with simplified muscle models, of only one muscle group or resultant force. Other 
studies have created a more extensive and complex model consisting of four or more 

FIGURE 1 | (a) Indication of the position of the red coloured slice, used in (b) to illustrate the approximation 
of the shape of this slice using hexahedal (b-I) and tetrahedral (b-II) meshes with the same dimensions. The 
number of nodes is highly influenced by this and this is reflected in the outcome of the FEA. (c) A 3D model 
of a mandible showing the CT pixels with material information on the cut planes. Approach c-I represents 
material assignment per voxel, approach c-II shows the assumption of two different materials (cortical and 
cancellous) and approach c-III illustrates a solid uniform (cortical only) material assignment of the man-
dible. These settings affect the outcome of the FEA.
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muscle groups18-20. In the latter, the masseter (deep and superficial or combined), 
temporalis (anterior and medial or combined), lateral pterygoid and medial pterygoid 
are typically defined. The force magnitudes and working directions are, however, not 
commonly agreed upon and vary considerably21-25. Muscle forces and directions are 
subject-specific; yet, most authors describe a universal and simplified muscle model 
which should represent a maximum loading. In static engineering, this might seem 
a safe solution to a structural problem; but, for a mandible, this could result in un-
necessarily strong and bulky plates which do not fit the specific patient (e.g. a small, 
resorbed mandible due to an edentulous situation does not allow placement of a bulky 
implant).

Current literature lacks consensus on the input variables that should be applied to 
representative FEA models of the human mandible. Thus, the aim of this review was 
to find a consensus on how to define the input factors for a representative FEA model 
of the human mandible.

METHODS

A computer database search was carried out in PubMed on the 1 November 
2019. The applied search term was created using both MeSH and Boolean terms: 
(“Mandible”[Mesh] OR mandible[tiab] OR jaw*[tiab]) AND (finite element*[tiab] OR 
fea[tiab]) AND (“Laboratory”[Mesh] OR “In VitroTechniques”[Mesh] OR “Validation 
Studies as Topic”[Mesh] OR validation*[tiab] OR in vitro[tiab] OR in-vitro[tiab] OR 
test[tiab] OR assess[tiab] OR verification[tiab]) NOT (dental AND Humans[Mesh]). 
Subsequently, a search was performed in the Embase database using the same sepa-
rated terms.

The resulting abstracts, or entire content when the abstract did not provide sufficient 
information for inclusion or exclusion, were assessed by one author (BJM). No cri-
terion was set regarding the date of publication. The applied criteria were as follows:

Inclusion criteria
1. Written in the English language
2. Assessment of one or more human mandible(s); only human models were taken 

into account in order to make comparison of multiple studies possible.
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3. In vitro model with matching finite element model; the study should compare in 
vitro mechanical testing with a FEA model of the matching mandible(s).

Exclusion criteria
1. Use of synthetic or phantom mandibles;  the aim of this study was to extract 

representative material properties for the mandible. Synthetic bone substitutes 
introduce assumptions and confounders to the models.

2. Focus on soft tissue; our study focuses on hard tissue as most FEA models are used 
to design osteosynthesis materials or implants.

RATIONALE

A FEA model is typically composed of an object, referred to as a geometry, to which 
material properties, boundary conditions and loads are assigned. Material character-
istics, such as yield properties, elastic behaviour or Young's Modulus and Poisson's 
ratio, are important input parameters and should be considered carefully in order to 
obtain a representative reflection of the anatomical situation. The Young modulus 
(YM), expressed as E [GPa], measures elasticity; the higher the YM the stiffer the 
material becomes. The Poisson ratio (PR) [dimensionless] of a material describes the 
deformation behaviour under a load and is calculated by dividing the amount of 
transversal expansion by the amount of axial compression. Also, relevant to a FEA are 
yield properties. These indicate a stress value where a material will start to yield and, 
in order to avoid this, the minimal value must be known.

Boundary conditions relate to the constraints that are applied to the geometry, in 
this case the mandible. When it comes to a FEA of the mandible, fixation in an area 
of the mandible at, for example, both condyles, and a limitation in the freedom of 
movement at the occlusal site are typical examples of boundary conditions. Another 
type of boundary condition that often needs to be applied in a FEA is a contact set. 
Contact sets are required when multiple geometries or parts of a geometry are in 
contact and they define how the FEA software should treat the contacting sites. For 
example a mandible that is considered to consist of a cortical shell with a cancellous 
inner volume (Figure  1c-II). If both materials have different properties, these will 
have the tendency to deform differently at the sites of contact. During a FEA, the user 
has to decide whether to treat the two materials as fixed, thus, prohibiting interbody 
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movement, or to apply a bearing contact set and allowing for shear movement at the 
contact site.

Mesh creation (meshing) is the discretisation step of FEA in which the analysed 
object is described as a finite number of blocks or elements (Figure 1a,b). This step 
is responsible for the division of the greater numerical problem into a finite number 
of smaller problems and is of great importance since the mesh parameterisation can 
drastically influence the approximation of the input geometry and thus the quality of 
the FEA's results26.

Forces are generally applied by assigning loads, or loading conditions. In order to 
assign a load, a force origin and direction are required alongside the force magnitude. 
The mandible's loading conditions, representing the muscle system, could be ap-
proached in this manner.

When performing a FEA, it is important to pay attention to any occurring stress and 
strain. In order to understand whether or not the results are within acceptable limits, 
the limitations of the acceptable magnitudes of stress and strain should be clear. These 
limitations have been known for years for the vast majority of engineering materials 
but appear to be complex for a natural and dynamic material such as bone due to its 
heterogeneous and individual character27-29. For FEA, it would be interesting to know 
what yield strength and fatigue strength should be taken into account.

In accordance with the above, six main categories were formulated and used to assess 
all the included papers:
•	 Bone geometry and property acquisition
•	 Acceptable bone stress values
•	 Muscle model and fixtures
•	 Applied finite element settings
•	 In vitro validation method
•	 In vitro and FEA results conformity
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RESULTS

The PubMed electronic database search resulted in a total of 137 papers matching 
our search term, published between 1992 and 2019. Seven papers complied with the 
inclusion criteria, as shown in Table 130-37. Of these, four papers were written by the 
same authors (Ramos & Mesnard)34-37 who used of the same or a very similar FEA 
model and validation method, resulting in a total of four unique study models to 
compare. The Embase search that followed the PubMed search did not result in any 
additional unique studies.

Bone geometry and property acquisition
The mandibular geometry in all the seven papers included in this study was obtained 
through segmentation of computed tomography (CT) or cone beam CT (CBCT) im-

TABLE 1 | The finite element and in vitro approaches of all the included papers 

Author
FEA-model 
approach

Cortical Cancellous
In-vitro method

Conformity FEA & 
in-vitro resultsE [GPa] v [-] E [GPa] v [-]

Vollmer et 
al. 200038

Homogeneous, 
cortical & 
cancellous

NS NS NS NS
Load applying 

apparatus & strain 
gauge measurement

0.992 correlation 
coefficient

Clason et 
al. 200431

Homogeneous, 
cortical & 
cancellous

dry
5.466 0.246 0.646 0.246 Load applying apparatus 

& optical measurements 
method

Average relative mean 
square deviations of the 

marker positions:
0.29, 0.28 and 0.29 
mm for 3 load cases

soaked
5.658 0.273 0.785 0.269

Gröning et 
al. 200932

Homogeneous, 
cortical

17 0.3 NA NA

Load applying apparatus 
& Digital Speckle 

Pattern Interferometry 
measurement

Most predicted values 
lie within 2 SD

Ramos et 
al. 201634

Homogeneous, 
cortical & 
cancellous

14.7 0.3 0.4 0.35
Load applying 

apparatus & strain 
gauge measurement

R^2: 0.931, slope: 1.05, 
NRMSD: 10.4%

Mesnard et 
al. 201635

Homogeneous, 
cortical & 
cancellous

14.7 NS 0.4 NS
Load applying 

apparatus & strain 
gauge measurement

R^2: 0.935 ,slope: 
1.045, NRMSD: 10.3%

Ramos et 
al. 201736

Homogeneous, 
cortical & 
cancellous

13.7 0.3
0.4 

-13.7
0.3

Load applying 
apparatus & strain 
gauge measurement

R^2 slope: 0.953,
NRMSD: 9.7%

Ramos et 
al. 201937

Homogeneous, 
cortical & 
cancellous

14.7 0.3 0.4 0.35
Load applying 

apparatus & strain 
gauge measurement

R^2: 0.95, slope: 0.899,
NRMSD: 6.5%

E, Young's modulus; GPa, 1*109 Pascal; NA, not-applicable; NRMSD, normalised root-mean-square deviation; NS, not speci-
fied; R2, correlation value; SD, standard deviation; ν, Poisson's ratio.
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aging. Ramos and Mesnard chose to perform a micro-CT scan of the mandibles34-37, 
whereas all other authors used regular CT scans31,38. Gröning et al.32 performed both 
a micro-CT and a regular CT and created a high-resolution and lower resolution 
model with element counts and sizes of 19.6 million and 0.135 mm/450.000 and 
0.488 mm, respectively. They found that both their models predicted similar strains 
and noted that a relatively low-resolution scan is sufficient for FEA-model creation. 
However, the resolution of the scan must be increased when assessing strain gradients 
in small structures. Thus, a regular (CB)CT could be sufficient for modelling a human 
mandible in toto when the region of interest of the mandible is not at micro level.

The (CB)CT data (DICOM files) possess information on both geometry and local 
radiographic attenuation. Local density values can be assigned mathematically to the 
latter. Through mathematical formulae, the attenuation values, expressed in Houn-
sfield unit (HU) or grey value (GV), and material properties such as YM and PR can 
be extracted. The formulae used in the literature for this extraction were empirically 
determined and differ from each other since the tested samples origin from different 
anatomical positions33,39,40.

All the seven papers included in this study describe an in silico model where the 
material properties are considered homogeneous31,32,34-38. Clason et al., Ramos and 
Mesnard, Mesnard and Ramos and Vollmer et al. assigned two material groups, 
related to HU, in conformation with the Ciarelli et al.41 study and created a cortical 
and a cancellous mandibular portion. Ramos et al.36 assumed the teeth are part of the 
cortical volume, stating this would have marginal influence on mandible behaviour. 
Gröning et al.32 left the cancellous portion out of their model and used a single pair 
of material properties for cortical bone instead. Their studied mandible was assumed 
to be fully cortical even though it was dentate. A relatively wide range of YM was 
applied to the homogeneous models. Clason et al.31 applied the most flexible value, 
namely 5.46 [GPa] while Gröning et al.32 used the stiffest value, 17 [GPa]. The PR of 
mandibular (cortical) bone was often chosen 0.342-50. The studies that mechanically 
tested the PR of the mandible in different directions showed values ranging from 
0.18 to 0.5329,51. We found that five of the selected studies had a PR of 0.3 or close 
to it32,34-37. Clason et al.31 deviated from this with their values of 0.25–0.27 for corti-
cal bone and as much as 0.65–0.79 for cancellous bone. Clason et al.31 studied the 
mechanical properties of mandibular bone in an inverse manner. They performed 
measurements on a cadaveric mandible prior to setting up an in silico model and 
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adjusted the mechanical property settings to fit the in vitro measurements. Ramos 
used the cortical and cancellous bone values (PR 0.3 and 0.35, respectively) in one 
paper but applied the value of 0.3 to both the cortical and cancellous bone in a later 
study34,36. The effect of which is expected to be marginal.

Acceptable bone stress values
None of the included papers paid attention to a maximum acceptable bone stress, 
yield properties or fatigue limits and thus did not state maximum values.

Muscle models
The description of the muscle models used in the included studies was in most cases 
rather brief. In order to simplify their mathematical model, Clason et al.31 chose to 
only apply a pterygo-masseter sling which looped around the mandibular anguli 
and pulled upwards. The force applied to this sling went up to 650 [N] which, ac-
cording to Clason et al., covers the reasonable physiological range reported in the 
literature52,53. The simplification with such an approach makes comparison of the 
FEA model with the in vitro measurements easier, with less introduction of errors, 
while loading the mandible in a non-physiological manner. Gröning et al.32 loaded 
their in vitro model by resting the mandible on both condyles and the lower incisors 
while vertically applying a force to the mandibular angles, which is comparable to 
Clason's et al.'s loading. Mesnard et al.35 and Ramos et al.34 on the other hand did not 
add a physiologically complete muscle model to their experiment but chose to apply 
a resultant force to the condyle since the condyle and mandibular ramus were their 
regions of interest. Vollmer et al.38 applied a load of 130 N to both coronoid processes 
to imitate mastication through the temporalis muscle only. Ramos et al.36 used the 
most extensive muscle model. It involved five pairs of muscle forces, including all the 
previously studied vector directions54. All the selected studies agree on the exclusion 
of the lateral pterygoid muscle from the analysis because this muscle is located at the 
condyle; all their mandibles were either fixed or loaded with a resultant TMJ force at 
the condyles.

Applied finite element settings
Clason et al.31 and Gröning et al.32 describe a vertical rigid fixation of the condyle 
surfaces, which was the direction of load application. Gröning et al.32 also fixed the 
tips of the anterior teeth, preventing movement in this direction. The highly similar 
models used by Mesnard et al.35 and Ramos et al.34 focused on the mandibular ramus 
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and condyle. The hemi-mandible was fixed at the mandibular body, by cementation 
to the testing apparatus. Therefore, the applied fixture in the FEA was matched to 
the physical situation. Ramos et al.36 fixed a hemi-mandible to his in vitro tool by 
cementation but created a FEA model which included a muscle model and boundary 
conditions to the intact mandible. The condyles were fixed in the craniocaudal and 
anteroposterior direction while a lower incisive tooth was fixed in mediolateral and 
craniocaudal direction. Vollmer et  al.'s description38 of the FEA-model set-up was 
very minimal. They did not give any specific details of the FEA fixation of the tested 
mandible other than that the condyles of the mechanically tested mandible were fixed 
and this was simulated in the FEA model.

Vollmer et al.38 and Gröning et al.32 used voxel(3D pixel)-to-voxel material assign-
ment. That is, for every single voxel, or group of voxels in the CT data, one was 
created in the FEA mesh (Figure 1c-I). This resulted in linear hexahedral elements 
with 8 connective corner points between elements, called nodes (Figure 1b-I). Clason 
et al.31, Ramos et al.34,36,37 and Mesnard et al.35 made use of linear tetrahedral elements 
which consist of 4 corner nodes and can be presented as a pyramid shape (Figure 1b-
II). Linear tetrahedral elements can be fit into complex geometries more accurately 
with relatively bigger element dimensions due to their pyramid shape. An organically 
shaped mandible for example would need a relatively high number of hexahedral ele-
ments in order to follow the outer surface accurately (Figure 1b). Moreover, wherever 
there are sharp angled boundaries between elements (sharp edges), it is likely the peak 
stresses will be concentrated. A typical linear hexahedral mesh shows these peak stress 
concentrations when the element's dimensions are too big.

Interbody contact sets are applied wherever there are multiple objects coinciding. Of 
the four authors that actually made use of multiple contacting bodies (Vollmer et al.38, 
Clason et al.31, Ramos et al.34,36,37 and Mesnard et al.35), only Mesnard and Ramos 
described the applied interbody contact for the cortical and cancellous volumes. They 
reported a “glue contact”  which allows for interface separation. Furthermore, they 
mentioned a friction contact for the mandible-implant and screw-implant interfaces. 
Ramos and Mesnard described a comparable contact between the mandible and 
implant34.

The software used for the FEA varied in the included papers from in-house code 
(Clason et al.31) to non-commercially available VOX-FE software32 and commercially 
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available software. Ramos et al.34,36,37 and Mesnard et al.35 used a separate pre-processor 
(Hyperworks 12, Altair Engineering, Troy, MI, USA) and performed their analysis in 
MSc MARC 2015 (MSc Software, Newport Beach, CA, USA). Vollmer38 chose to 
combine an in-house pre-processor to mesh the CT data with a commercially avail-
able solver (Cosmos V2.0).

In vitro validation methods
In most included studies, in vitro measurements of the mandibles are carried out by 
strain gauges. Usually, a series of strain gauges is applied to the surface of the region of 
interest by means of an adhesive. When the studied object is subject to surface defor-
mation, the strain gauges will change length and width thereby changing the electrical 
resistance, which can be measured. In Vollmer et al.38, Ramos et al.34,36,37 and Mesnard 
et al.’s35 method, a series of strain gauges were applied to the mandibular surface in the 
regions of interest and the measured values were mathematically converted into local 
strain values. In all cases, the in vitro loads were applied by means of a compression 
or tensile testing machine. Also, Gröning et al.32 used a tensile testing machine for 
the load applications but, instead of strain gauges, applied digital speckle pattern 
interferometry (DSPI) in order to optically perform their measurements.

Clason et  al.31 describe an in vitro experiment that measured the displacement of 
specific points of interest on the mandible. A number of tracer spheres were applied to 
the mandibular surface and the displacement was recorded using a camera. Contrary 
to the afore-mentioned studies, the loads were applied by a series of hydraulic actua-
tors.

They preserved the mandible in alcohol and measurements were performed under dry 
conditions. Ramos and Mesnard also first used a cleaned fresh frozen mandible34,35, 
but the teeth were removed. However, in their follow-up study36, the teeth were left 
in the mandible. Vollmer et al.38 chose to store their five mandibles in a humid 20°C 
atmosphere by soaking the mandibles in a physiological sodium chloride solution one 
hour prior to mechanical testing.

In vitro and FEA results conformity
All the studies claim a good correlation between the FEA outcome and in vitro results. 
The results of the studies however are difficult to compare since the raw data are 
unavailable and most of the studies scored their results differently. The studies that 
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present a correlation coefficient show good correlations of 0.992 (Vollmer et al.38), 
0.931 (Ramos et al.34), 0.935 (Mesnard et al.35), 0.953 (Ramos et al.36) and 0.95 
(Ramos et al.55). Most of the FEA results obtained by Gröning et  al.32 lie within 
two standard deviations from the in vitro values. The results by Clason et  al.31 are 
expressed as average relative mean square errors between the predicted and measured 
displacement. The calculated errors were 0.29 mm, 0.28 mm and 0.29 mm for their 
first, second and third load cases, respectively.

DISCUSSION

Finite element studies are currently recognised as a necessary part of designing per-
sonalised osteosynthesis. However, the approaches vary greatly and the assumptions, 
concerning for example material properties and boundary conditions, are not fully 
understood. We aimed to find a consensus on how to approach a representative FEA 
model of the human mandible within the literature.

Many studies used FEA to develop and design osteosynthesis and prostheses for 
patients but surprisingly, only seven papers describe how they validated the applied 
FEA on human mandibles. This simulation technique supplies the user with results 
that match the input problem as formulated by the user, even if this input problem 
is not an accurate one. Thus, the reader should be critical towards the used approach.

The papers included in this current study applied similar simplifications regarding 
bone geometry and material properties. They all describe homogeneous materials 
with either only a cortical portion or a cortical portion with cancellous volume. The 
properties required for an FEA, that is YM and PR, were mentioned by every study 
and they generally agreed with prior experiments29,51. The majority of reported PR 
vary marginally and ranged from 0.25–0.30 to 0.25–0.35 for cortical and cancellous 
bone, respectively. Clason et al.31 calculated PR and YM, however, both seem to stand 
out (Table 1). However, the majority of the YM ranged from 13.7 to 17 [GPa], Clason 
et al. calculated values of 5.5–5.7 [GPa] for the cortical bone, resulting in a much 
stiffer material36. This study involved only one test subject and the diverging results 
could have been caused by individual variables (age, porosity or geometry, etc.), or 
measuring variables. For such outlying results, we find the support too weak to use 
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their measured material properties over the properties used in the rest of the included 
studies.

Xin et al.33 applied heterogeneous material properties whereby the material property 
assignment was matched to the local attenuation properties. They divided the CT 
GV range into ten equally distributed intervals and assigned a set of material proper-
ties to each of these intervals, creating ten different materials. They describe in vitro 
measurements of mandibular segments in three different directions. Their results 
show property independency in all the measured directions and specimen locations. 
Hart et al.56 however, describe that even on taking the anisotropy of the mandible 
into account, two out of three directions show similar properties. Schwarz et al.51 
show the varying properties of cortical bone related to the location in the mandible. 
This method should be applied patient-specifically due to the great individuality of 
the mandibular shape and bone quality. However, validations of this method are still 
lacking.

The focus of the seven included papers was clearly not on the application of a repre-
sentative muscle model in either the FEA or in vitro experiments. Except for Ramos 
et al.36, who describe five muscle groups per side, all the authors simplified their model 
to one force. This might be sufficient when analysing only a part of the mandible 
but the lack of use of the entire mandible should be acknowledged. Only applying a 
resultant force, calculated for a specific region, could result in overlooking the internal 
force transmission. All the authors agree on the elimination of the lateral pterygoid 
muscle from the analysis and using the condyles to either fixate the mandible in 
space31,32,38, or to apply a resultant force34-36,55.

Most of the FEA-related publications do not describe the maximum bone performance 
values in terms of yield or fatigue properties. Since bone is a dynamic material, subject 
to a number of factors influencing its properties and with a continuous (de)formation, 
it is imaginable that it is not possible to measure true in vivo properties such as fatigue 
in vitro. Zioupos & Casinos (1998) studied fatigue damage in cadaveric femoral bone 
in an in vitro setting and show the influence of order in which non-uniform repetitive 
loadings are applied, indicating simple stress against cycles to failure (S-N) fatigue 
tests do not suffice for ex vivo bone. They conclude it is an extremely difficult task to 
predict in vivo bone fatigue under variable loading. Yield information can be obtained 
but is strongly dependant on the assumed material YM and PR. We found only two 
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studies that state the yield strength and/or ultimate strength of the cortical and cancel-
lous bone57,58. These values, however, vary considerably. A third study extracted these 
ultimate values from experiments conducted with vertebral and femoral specimens 
and used this to calculate the values for the mandible59 . Of the seven included papers, 
only Ramos et al.34,36,37 and Mesnard et al.35 refer to fatigue, and relate this to strain 
instead of stress. The same strain focus was applied in the Bujtar et al.15 and Chen et 
al.57 studies which are related to the Frost’s ‘Mechanostat’ principle60, a principle in 
which bone formation and resorption are linked to the bone’s strain values.

In vitro testing of mandibles can be approached with different measurement tech-
niques, all with their own strengths and limitations. The optical techniques are 
“non-invasive” and do not require the attachment of materials to the bone but are 
sensitive to vibration and light and require high-resolution optical cameras. The use 
of gauges requires bone preparation, that is fixation of the sensor, and covers only 
one-directional measurements. It should be mentioned that both techniques are only 
capable of surface measurements. Ramos et al.34,36,37 and Mesnard et al.35 could repro-
duce their FEA measurements in vitro multiple times. It is valuable that four papers 
included in this study applied the same in vitro method and calculated comparable 
and good regression values with their strain gauge workflow.

The small number of inclusions is the biggest limitation of this current study. The 
information available regarding validated FEA of the human mandible is scarce and 
that is worrying knowing how widely FEA are performed and used for the design of 
medical devices. FEA models could be more individual in order for patient-specific 
plates and prostheses to better fit the patient in terms of bulkiness and in situ perfor-
mance. A technique that should be considered is topology optimisation (TO). TO is 
a mathematical method applied in the FEA phase and is capable of removing material 
that dependant to the input variables, is unnecessary61,62. Instead of testing a man-
made design with FEA, we can have the TO calculate the ideal design by removing 
material from a volume, given certain boundary conditions.

In conclusion, we carried out a literature search to find a possible consensus on how 
to perform a FEA on the human mandible. The available validations provide a lot 
of information but appear insufficient for reaching a general consensus. Further 
validations are required, preferably using the same measuring workflow and multiple 
mandibles to obtain insight into the broad range of mandibular characteristics. We 
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believe the models suggested by Ramos et al.34,36,37 and Mesnard et al.35 over the years 
are the most complete and best validated.
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ABSTRACT

Introduction
When the application of a free vascularised flap is not possible, a mandibular continu-
ity defect is often reconstructed using a conventional reconstruction plate. Mechanical 
failure of such reconstructions is mostly caused by plate fracture and screw pull-out. 
This study aims to develop a reliable, mechanically superior, yet slender patient-
specific reconstruction plate that reduces failure due to these causes.

Patients and Methods
Eight patients were included in the study. Indications were as follows: fractured recon-
struction plate (2), loosened screws (1) and primary reconstruction of a mandibular 
continuity defect (5). Failed conventional reconstructions were studied using finite 
element analysis (FEA). A 3D virtual surgical plan (3D-VSP) with a novel patient-
specific (PS) titanium plate was developed for each patient. Postoperative CBCT 
scanning was performed to validate reconstruction accuracy.

Results
All PS plates were placed accurately according to the 3D-VSP. Mean 3D screw entry 
point deviation was 1.54 mm (SD: 0.85, R: 0.10–3.19), and mean screw angular 
deviation was 5.76° (SD: 3.27, R: 1.26–16.62). FEA indicated decreased stress and 
screw pull-out inducing forces. No mechanical failures appeared (mean follow-up: 16 
months, R: 7–29).

Conclusion
Reconstructing mandibular continuity defects with bookshelf-reconstruction plates 
with FEA underpinning the design seems to reduce the risk of screw pull-out and 
plate fractures.



49

Chapter 3

INTRODUCTION

Patients who require a continuity resection of the mandible due to, for example, head 
and neck cancer often receive a reconstruction preferably including a free vascularised 
flap (e.g. fibula graft). However, when a patient's general medical condition does not 
allow for this type of reconstructive surgery, the mandibular continuity defect can be 
bridged using solely a conventional reconstruction plate (RP). This type of RP usually 
needs manual bending to match the contour of the mandible. This method, however, 
has been reported to fail due to screw loosening or plate fracture1-6. Maurer et al.1 
describe a failure rate of 10% for screw loosening and plate fracture combined, while 
others report failure solely due to plate fracture in 10% of the cases2,3,8 or to screw 
loosening alone in 18% of the cases9. According to Maurer et al., (2010), all screw 
loosening occurred within the first 6 months postoperatively7.

Plate fracture is seen predominantly in the regions surrounding the screws nearest to 
the continuity defect and can be caused by fatigue through cyclic in situ loading4, usu-
ally encouraged by residual stress inside the plate as a result of repetitive bending while 
contouring10,11. It seems to occur mostly in continuity defects that do not cross the 
midline and in the presence of relatively many remaining occlusal units3. Failure of a 
bridging RP leads to severe discomfort and impaired oral function for the patient12. 
In most cases, an additional surgical procedure involving a secondary reconstruction 
is needed11.

Numerous studies applied patient-specific reconstruction plates (PS-RP) to prevent 
plate fracture by changing the material or design of conventional RP13-16 but did 
not look at screw pull-out and its prevention. In order to prevent failure in further 
developed PS-RP, it is necessary to assess current conventional reconstructions biome-
chanically. Therefore, this study focused on an analysis of conventional RPs with the 
finite elements method (FEM), to obtain insight into any weaknesses and to exclude 
them in further patient-specific designs.

The aim of this phase 1 study was to design and analyse PS-RPs to bridge mandibu-
lar gaps and to minimise plate fracture and screw pull-out-related failure. This was 
achieved through the development and clinical application of a reconstructive method 
using a PS-RP, based on a 3D virtual surgical planning (VSP) and FEM supported 
individual design.
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PATIENTS AND METHODS

Patients
All the patients included in this study required a reconstruction of either a primary or 
a secondary mandibular continuity defect due to a fractured or loosened conventional 
RP. None of these patients' mandible could be reconstructed with a free vascularised 
bone flap due to the poor quality of the donor site vascularisation, an impaired medical 
condition or refusal to undergo major free vascularised bone flap surgery. The study 
was approved by the Medical Ethical board of our centre (no. METc-2019/301), and 
informed consent was obtained for all patients.

In the secondary cases, we started by assessing the mechanically failed conventional 
RPs retrospectively, following plate fracture or screw pull-out. Postoperative CT scans 
were used for the segmentation, and 3D models of the mandibular segments were 
obtained using Mimics 19.0 software (Materialise). In order to perform finite element 
analysis (FEA) on the failed primary reconstructions, we digitalised the conventional 
reconstruction plates, which had been bent to follow the mandible's contour. Using 
the postoperative CT scans of primary reconstructions, we obtained the contours the 
plates were bent to, and using the manufacturer's dimensions, we designed matching 
plates for analysis. This was necessary since the quantity of metal artefacts or scatter in 
the CT data would not allow for proper segmentation of the osteosynthesis material.

3D FEA (performed with Solidworks Professional 2017 software, Dassault Systèmes 
Solidworks Corp.) of the conventional reconstructions enabled assessment of the local 
stress values in the conventional reconstruction plates. The typical defect size used 
in our general design process was a continuity defect spanning from the mandibular 
angle up to the approximate midline of the mandible while not crossing it. This repre-
sents a L-defect according to Jewer's HCL classification17 or a class II defect according 
to Brown's18 (Figure 1) and is reported to be the most prone to RP failure3. In our 
FEA, we applied the bone material properties and the muscle system as described by 
Mesnard and Ramos19-23. Their models are based on in vivo muscle force measure-
ments and musculature information derived from dissections. They were validated 
by comparing in silico models to in vitro models of the same human mandibles. In 
accordance with these studies, incisal bite was simulated since this would ultimately 
load the mandible. Fixtures were applied to both condyles; thus, the lateral pterygoid 
muscles were not taken into account. The mandible was assumed to consist of an 
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Figure 1 | The primary and secondary reconstructions for patient 2. Notice the under-contouring of the 
patient-specific secondary reconstruction plate (orange) compared to the failed primary reconstruction 
plate (transparent).
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isotropic cancellous portion, with a cortical outer layer whereby the elastic properties 
are presented as Young's moduli (Young's modulus measures the stiffness of a solid 
material) of 400 MPa and 14,700 MPa, respectively22 (Mesnard & Ramos, 2016). 
Poisson's ratio, a measure of how a material constricts or expands to a tensile or 
compressive load, was assumed to be 0.3 for both the cortical and cancellous bone22. 
All the conventional RPs were considered commercially pure grade 2 titanium, with 
a Young modulus of 102,000 MPa and a Poisson ratio of 0.34, while the PS-RPs and 
all the applied screws were assigned 113,800 MPa and 0.34 for Young's modulus 
and Poisson's ratio, respectively, representing titanium grade 5 alloy24,25. We used this 
titanium alloy because of its higher resistance against fatigue, or endurance limit.

Design and production
After analysing the conventional RP, an alternative PS reconstruction method was 
developed consisting of a 3D virtual surgical plan (VSP) that combines both CT 
data (i.e. bone segmentation and nerve canal delineation) and fused with MRI-based 
tumour delineation for osteotomy placement26. The aim was to overcome screw pull-
out and high stresses which could lead to plate fracture.

Contrary to the majority of PS-RP suggested in the literature, which typically consist 
of a strip-like plate following the buccal contour of the mandible, we focused on 
incorporating the osteotomy sites of the mandibular segments for stable fixation 
of the plate. Bookshelf-like flanges situated against the osteotomy planes of the 
mandibular segments were added to a bridging section. To mitigate the chance of 
dehiscence of the plate due to contraction of the covering soft tissues, the bridg-
ing section was under-contoured with respect to the lateral and caudal boundaries 
of the preresected mandible (Figure 1). Fixation of the plate was obtained through 
bi-cortical screw placement and, whenever possible, mono-cortically in the flanges 
supporting the osteotomy sites. The design was carried out in 3-Matic Medical 11.0 
(Materialise). Once finished, the STL file of the plate was exported and converted 
into a non-uniform rational basis spline (NURBS) object using Geomagic software 
(3D Systems). Subsequently, screw threads, compatible with 2.3 locking screws (KLS 
Martin), were inserted into the NURBS file using the Solidworks Professional 2017 
software. Subsequently, the finalised CAD files were sent to the manufacturer (Witec 
Fijnmechanische Techniek BV) to mill the PS plates from medical grade 5 titanium 
alloy.
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In order to accurately translate the VSP to the operating theatre, surgical drill and 
cutting guides were designed in house and 3D printed by Oceanz (Oceanz BV) from 
medical grade polyamide powder (Figure 2). Cylinders in the guide indicate the posi-
tion and direction of the planned screws and function as a pilot drill support when 
an additional metallic drill sleeve is inserted. Comparable guide designs were applied 
in previous studies and proved to be an accurate translator of surgical plans27-30. In 
addition, centring pins were designed to function as intraoperative plate positioning 
devices and inserted into the drilled screws pilot holes (Figure 2).

Measurements
All the patients underwent a postoperative CBCT scan (120 kV/5 mA with a field of 
view of 130–230 mm and 0.2–0.4 mm voxel size) to assess the accuracy of implant 
placement by means of screw entry point deviation and angular screw deviation. 
Manual alignment of the planned 3D objects of the mandibular segments and screw 
cylinders with the postoperative CBCT was performed with the Mimics Medical 19.0 
software. Two observers executed the alignment independently (BJM and JK). The in 
situ plate was segmented in order to assess angular screw deviation and subsequently 
matched to the plate's design file, while the manually aligned screw cylinders were 
moved along. The Geomagic Studio 2012 (3D Systems) software was used for the 
matching through a best-fit surface alignment procedure.

Figure 2 | This figure shows an example of the type of surgical guides (top right) and temporary centring 
pins (lower right) that were used in this study.
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Screw entry point deviation was measured between the entry points in the virtual 
planning, and the cylinders were matched to the postoperative CBCT by means of 
Euclidean distance (3D) measurements in the 3-Matic Medical 11.0 software. Prior to 
these measurements, all the manually aligned mandibular segments and corresponding 
cylinders were matched to the virtual planning using the global alignment function 
in 3-Matic Medical 11.0.

Data analysis was performed using MedCalc for Windows, version 19.0.5 (MedCalc 
Software). The inter-observer variability was supported by the calculation of the 
interclass correlation coefficient (ICC) for every screw entry point, placed by both 
observers. A value of <.40 is reported as poor, .40–.59 fair, .60–.74 good and .75–1.00 
as excellent31.

RESULTS

Patients
A total of eight patients who had either already undergone reconstruction of a con-
tinuity resection of the mandible or were scheduled to undergo one presented to our 
centre (n = 8). This group required either primary treatment of tumours (n = 5) or 
replacement of a mechanically failed conventional reconstruction plate (n = 3). The 
latter consisted of two patients with a broken conventional 2.7 RP and one patient 
with pulled out screws, causing loosening of the conventional 2.7 RP and the locking 
screws. Table 1 shows the detailed overview of these patients. Patients 7 and 8 received 
postoperative radiotherapy (66 Gy), starting within six weeks after reconstruction 
with the PS-RP.

We created comparative FEA of our PS reconstructions for the three patients with 
failed hand-bent reconstruction plates. Mandibular segments, loading situations and 
boundary conditions remained unchanged. The comparative FEA considered the 
resultant forces on the bone–screw interface, as well as the von Mises or resultant 
stress occurring in the reconstruction plates. This von Mises stress was used to predict 
whether or not materials will yield under loading.
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Plate fracture
The FEA results showed that the maximum von Mises stresses in all the analysed 
conventional RPs exceeded their yield strength (YS), by 42% up to 153%, indicating 
plastic deformation would occur on applying the load case. The plates would therefore 
not return to their original shape after loading. Furthermore, the stress in these plates 
exceeded the material's ultimate strength (US) value by 13% up to 100%, indicating 
a high risk of plate fracture. The application of our PS reconstruction to the latter 
patient resulted in a decrease in the YS and US percentages, going from 253% to 59% 
and 200% to 55%, respectively (Figure 3). In patient number two, who suffered from 

Figure 3 | Finite element analysis shows the maximum occurring von Mises stress in both the failed con-
ventional (primary) reconstruction plate (top left) and the PS reconstruction plate (lower left) in patient one 
and illustrates the resemblance between the highest stress region of the conventional reconstruction plate 
in silico (note the overloaded pink region in the top left image) and the actual location of the in situ plate 
fracture (panorex).
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a fractured conventional RP, we saw a decrease in YS and US percentages, going from 
188% to 67% and 149% to 62%, respectively (Figure 4), thereby staying well within 
acceptable boundaries.

Figure 4 | Finite element analysis von Mises stress results for the failed conventional reconstruction (top 
left) and patient-specific solution (lower left) for patient 2. The Bridging part height was reduced com-
pared to the first application of our patient-specific plate, as shown in Figure 2, and remained at this height 
throughout this study's series.
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Screw pull-out
The results of our FEA of the primary conventional reconstruction that failed due 
to screw pull-out showed that high resultant forces were acting on these screw sur-
rounding areas. In this case, the RP was fixed at the ventral side of the defect with 
three screws. Screw one, two and three, counting away from the defect, which had 
loosened over time, were loaded with 438 N, 416 N and 112 N, respectively. The 
comparative FEA of our bookshelf-plate design showed that adding a screw in the 
ventral bookshelf flange (205 N) would lower the resultant screw forces to 184 N, 
144 N and 90 N, respectively, which represents a minimisation of 58%, 66% and 
20%. The axial pull-out force components, the forces along the longitudinal screw 
directions, did not exceed 180 N for the conventional reconstructions or 90 N for the 
PS reconstructions.

Surgical procedure
All the PS bookshelf-reconstruction plates were inserted in accordance with the 3D-
VSP. The surgical procedures were uneventful. During surgery, prior to the drilling of 
screw pilot holes, the mandibular bone was denuded and the guides were positioned 
and fixed using 1.5-mm mini screws (KLS Martin). Subsequently, the osteotomies 
were performed. Thereafter, the plate was inserted and fitted to the mandibular seg-
ments using several centring pins. Once properly aligned, these pins were replaced 
one by one by 2.3-mm locking screws with a length in agreement with the surgical 
planning. Primary closure was performed according to plan in two patients. In the 
remaining six patients, a pectoralis major flap was used to reconstruct the soft tissue 
defect and to cover the plate.

Postoperative
Recovery was uneventful from a mechanical point of view for seven patients with a 
mean of 11.4 days of hospitalisation (SD: 9.3, R: 3–29). One patient, however, patient 
5 in Table 1, deceased in the fourth week postoperatively due to complications related 
to a PRG probe and therefore could not be followed up. All patients underwent a 
CBCT scan 6–27 days (mean 12 days) postoperatively. The mean follow-up period of 
the 7 patients alive is 16 months (R: 7–29) and was uneventful with regard to plate 
failure or screw pull-out.
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Measurements
Screw entry point deviation (3D) resulted in a mean value of 1.54 mm (SD 0.85, 
R: 0.10–3.19) for a total of 64 screws. The mean angular screw deviation was 5.76 
degrees (SD: 3.27, R: 1.26–16.62). The 95% confidence interval of the inter-observer 
variability for our measurements was 0.15–0.26 mm with a P-value of .05. The inter-
class correlation coefficient (two-way mixed) was 0.97, indicating an excellent match 
of measurements by both observers.

Dehiscence
The ventral bookshelf-like flange of our PS-RPs in the first and third operated patients 
became partially dehiscent intra-oral approximately 14 and 4 months postoperatively, 
respectively. Patient 1 lost 16 kg of bodyweight over a short period of time prior to 
the intra-oral dehiscence, which could have played a role in this development. One 
of these two patients had received a pectoralis major flap, while the other patient 
underwent primary closure. It was assessed that the design of the flange was too high. 
The dehiscent cranial part of this flange was surgically removed with some margin (23 
and 19 months postoperatively, respectively), and the surrounding soft tissue could be 
closed (Figure 5). By comparing the 6 days postoperative panorex image of patient 1 
to its 18-month follow-up, a gradual resorption of the left mandibular angle up to the 
caudal contour of the plate was observed. There have been no further complications 
to date.

DISCUSSION

In this pilot study, we present a unique patient-specific bookshelf-reconstruction plate 
for accurate bridging of mandibular continuity defects. The novel design was based on 
the FEA of the conventional reconstruction plate failure, with regard to plate fractures 
and screw loosening. Application of bookshelf-like flanges, with a screw fixation in the 
osteotomy sites, resulted in substantial reduction of resultant screw pull-out inducing 
forces and, in combination with a change in material, lowered plate stress to within 
satisfactory levels. Therefore, the chances of the widely reported mechanical problems 
seen with conventional RPs, which are responsible for 5%–10% of reconstruction 
failures, were reduced 1-6.
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Figure 5 | Dehiscence of the cranial section of the ventral bookshelf-flange in patient 3. The top and middle 
images are intra-oral and panorex images, respectively, before surgical bookshelf-flange modification. The 
lower panorex image shows the postoperative situation.
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Our comparative FEA focused on resultant screw forces rather than the force com-
ponents in axial screw direction. Most studies found in the literature that look into 
screw pull-out describe in vitro results of axial single screw pull-out. This observation 
of axial pull-out could occur with compression screws but not with locking screws, 
since these have the tendency to be pulled out en bloc with the RP rather than axially, 
due to their semi-rigid connection with the RP32. We do know, however, that the axial 
force components regarding the screws in our study did not exceed 180 N for the 
conventional reconstructions and 90 N for the PS reconstructions.

The addition of our bookshelf-flange concept is only of value, in terms of mechanical 
stability and reduction of the risk of failure, when applied accurately to the planned 
position. First, a per-operative visual inspection after guided placement confirmed 
that no gap remained between the flange and the mandibular bone at the osteotomy 
sites. Second, postoperative analysis of CBCT scans showed a high accuracy of place-
ment, with 3D deviations comparable to our prior studies and of others, using surgi-
cal guides29,30,33-35. Additionally, careful inspection of the postoperative CBCT scans 
confirmed contact between the osteotomy sites and bookshelf-like flanges of the RPs 
as well as the remainder bone–plate interface, which indicates proper positioning with 
a small potential shift in the osteotomy plane. The measured screw entry point devia-
tion of 1.58 mm (SD 0.82) and angular screw deviation of 5.77 degrees (SD 3.33) 
indicate this method could be applied as a reliable one-phase procedure for resection 
and direct reconstruction of a tumour in the mandible. These results represent the ac-
cumulation of errors in all visualisation and segmentation steps as well as geometrical 
errors of the guides and plate and the actual surgical procedure.

Over the last two decades, a rapidly increasing number of PS-RPs have been presented 
in the literature with an equal increase in varying finite element analysis models. 
Applying FEA is of great importance in the design process, since PS-RPs can still 
fail mechanically when designed using incorrect assumptions15,36. Only a very small 
selection of these FEA models has actually been validated through in vitro and in 
vivo experiments. Engineers should be always careful when setting up a FEA model, 
especially complex anatomical models, and all the necessary assumptions that come 
with it. Also, PS-RP's should be designed to withstand repetitive loading and the 
material's fatigue properties for FEA should be chosen accordingly, like we did in 
this study. Often, only the ultimate or yield properties of a material are taken into 
account, while the fatigue properties are lower, which could lead to early material 
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failure. We decided to use the most extensively validated model we could find in the 
literature. However, even this model has its limitations and assumptions. We found 
that most of the PS-RPs designs in the literature rely on a strip-like plate which is 
positioned and fixated at the buccal contour of the mandible14,15,36-39. We decided to 
make use of the osteotomy site as well and trap the mandibular segment in between 
the plate design, which is more stable biomechanically, according to our FEA results.

We expect the dehiscence of the cranial section of the ventral flanges, that occurred in 
two patients, to be caused by the height of the flanges in combination with contraction 
of the covering soft tissue. Minimising the bulkiness and height of these flanges might 
exclude this occurrence. A gradual remodelling of the mandibular angle was observed 
in one patient past the implant border. The reconstruction plate could have shielded 
this particular region of the mandible mechanically, causing bone remodelling to occur. 
Stress-shielding, also seen in conventional reconstruction plate reconstructions, might 
explain this resorption. Future application of the topology optimisation technique40 
could play a key role in minimising the occurrence of, or potentially totally exclude, 
both stress-shielding and dehiscence. This engineering technique removes unloaded 
or unnecessary material and is applied in the FEA phase of the design. It could be used 
to create geometrically minimalistic designs, while approaching displacement or stress 
limits, and could prevent a RP from being too stiff, which can cause stress-shielding, 
and plates becoming bulky. This study describes a first step in the optimisation of 
patient-specific plate design. By allowing for freeform organic structures through 
topology optimisation, we expect we can lift our patient-specific reconstructions to 
a higher level of patient specificity in the near future. Also, based on the results of 
this phase-one study we aim to start a multicentre phase-two study in which we can 
further validate the effect of our reconstruction method in more patients and over a 
longer follow-up period.

Conclusion
Using the finite element method, we retrospectively analysed mechanically failed 
conventional reconstruction plates and developed an alternative reconstruction plate 
for the mandible that reduces the chance of screw pull-out and plate fracture. During 
this phase-one study, we successfully reconstructed mandibular continuity defects 
using our bookshelf-reconstruction plate concept in eight patients and no mechanical 
failures have occurred in the study cohort. This novel design of reconstructive plates 
seems to reduce the risk of screw pull-out and plate fractures.
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ABSTRACT

Objectives
Patients suffering from osteoarthritis, ankylosis (e.g. post-trauma or tumour) in the 
temporomandibular joint (TMJ) can present with symptoms such as severely restrict-
ed mouth opening, pain or other dynamic restrictions of the mandible. To alleviate 
the symptoms, a total joint prosthesis can be indicated, such as the Groningen TMJ 
prosthesis. This was developed as a stock device with a lowered centre of rotation 
for improved translational and opening capacity. This study aimed to improve the 
design of the prosthesis, and produce a workflow for a customized Groningen TMJ 
prosthesis, in order to make it more accurate and predictable.

Methods
The fossa and mandibular components of the Groningen TMJ prosthesis were custom-
ized. A series of five human cadavers was operated and bilateral TMJ prostheses were 
placed using custom cutting and drilling guides. Placement accuracy was evaluated 
based on post-operative CT data.

Results
A total of N = 10 prostheses were placed and analysed. The average Euclidean distance 
deviation from planned to actual position was 0.81 mm (SD 0.21). All prostheses 
were placed according to the routine surgical approaches and had an excellent align-
ment with the bony structures.

Conclusion
The newly developed custom Groningen TMJ prosthesis can be placed with great 
accuracy and is the first step for improving TMJ total joint replacement surgery.
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INTRODUCTION

Patients suffering from osteoarthritis, ankylosis, post-traumatic ankylosis or tumours 
in the temporomandibular joint (TMJ) area can present with symptoms such as 
severely restricted mouth opening, pain or other dynamic restrictions of the man-
dible. If conservative treatments or regular open joint surgery (gap-osteotomy with 
arthroplasty) do not suffice, a total joint prosthesis may be indicated1. Previous studies 
have reported that placement of total joint prostheses can also improve the maximum 
mouth opening and reduce pain1, 2. Moreover, the total joint prosthesis was reported 
to be a predictable and flexible instrument for reconstruction of the TMJ2.

One of the challenges in replacing the TMJ is the imitation of the complex move-
ments of the natural TMJ, including both a rotational and translational component. 
Multiple TMJ prosthesis variants have been produced, which were reported to have 
limitations with regards to the translational component of the joint movement3-5. 
As a result of the design of the prosthesis and the lacking attachment of the lateral 
pterygoid muscle to the condyle, the translational freedom was substantially restricted 
to a few millimetres only. The natural translation movement of the TMJ was reported 
to be in the order of 16  mm6. As was described by van Loon et  al., the optimal 
position for a fixed centre of rotation (CR) in TMJ prostheses, thereby mimicking the 
physiological movement, is 15 mm inferior to the natural CR6.

This inferiorly located CR was incorporated in the Groningen TMJ prosthesis, which 
was developed between 1983 and 1999 as a stock prosthesis7, 8. A series of eight patients 
who received this prosthesis was analysed after a period of eight years of follow-up. 
This follow-up study of Schuurhuis et al. reported that patients were satisfied, despite 
the limited improvement of the maximum mouth opening due to continuation of 
their pre-operative chronic3.

Stock prostheses can however have a suboptimal fit; requiring per-operative bone 
re-contouring or resulting in post-operative dis-occlusion due to inadequate condylar 
length2. Moreover the TMJ prostheses require osseo-integration in order to remain 
functional on the long-term, and this can only be achieved as long as the fossa and 
mandibular parts are in proper and primary stable contact with the host bone9, 10. 
In general, a stock prosthesis is reported to be hard to fit, as the target area is usu-
ally mutilated especially at the fossa level5. The customisation of the TMJ prosthesis, 
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adaption of the bone connective surfaces to the anatomy of the individual patient, can 
contribute to overcome these problems. In addition, the use of custom prostheses and 
the use of placement surgical guides can save time within the surgical procedure, as for 
example the exact location, angulation and length of the screws are pre-determined.

As already used in other applications of patient-specific implants for oral and maxil-
lofacial surgery11-13, the current techniques for 3D planning, design and manufac-
turing, e.g. 3D milling and printing, enable accurate customised implants. Due to 
these developments, the customisation of the prostheses and production of custom 
placement/drilling guides is now readily available. However, to our knowledge, no 
combined cutting, drilling and placement guides are included in current available 
(custom) TMJ prostheses14, 15.

As the Groningen TMJ prosthesis was developed and placed as a stock prosthesis, 
it was not fitted with the use of individual placement guides. This might have 
caused a suboptimal placement and realisation of the pre-determined CR, 15 mm 
inferior to the natural CR. For the previously placed Groningen TMJ prostheses, 
no accuracy analyses were performed of the placement accuracy. Therefore no exact 
comparison between the theoretical model of patient-specific planning and the actual 
post-operative result could be made. For other (stock or custom) prosthesis, to our 
knowledge, no additional accuracy analysis was performed either. In order to effectu-
ate the concept of lowering the pivot point of the patient, and thereby improving the 
simulation of the rotation/translational movement, the prosthesis should be placed as 
it was planned.

The aim of this study is optimise the design of the Groningen TMJ prosthesis, by 
means of implementation of patient-specific planning and customisation. This should 
lead to an accurate placement in a cadaver series. It is hypothesized that the cus-
tomized TMJ prosthesis and the introduction of custom placement guides provides 
an accurate translation of the virtual planning towards the cadaver. The design and 
fabrication is described in this manuscript, as well as the validation of the placement 
accuracy using the guides, including inter-observer variation. The results are based on 
analysis of planning and post-operative imaging of 5 human cadavers.
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MATERIALS AND METHODS

The original Groningen TMJ prosthesis consisted of a total of six parts of which four 
parts were available in multiple sizes to ensure a close fit to the patient's anatomy. 
The overview, together with an exploded view, of this original design is presented 
in Fig. 1A. Titanium was used for the fossa part (1B part B), fitting member (1B part 
A) and mandibular part (1B part F) while the condylar sphere (1B part E) and transla-
tion plate (1B part C) were manufactured from zirconia. An Ultra-High Molecular 
Weight Polyethylene (UHMWPE) disc (1B part D) formed the counter bearing 
surface to the zirconia parts, as is presented in Fig. 1B.

Two types of movements in this TMJ prosthesis were distinguished: translational and 
rotational movements. This took place on separate sites. The rotational movement 
was achieved by a ball and socket joint whereas the translational articulation was 

Fig. 1 | A. Stock Groningen TMJ prosthesis B. exploded view of stock Groningen TMJ prosthesis: a fitting 
member (titanium), b fossa part (titanium), c ceramic plateau, d UHMWPE disc, e ceramic condylar head, 
mandibular part (titanium).
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obtained through an artificial disc which could freely slide over a translation site, to 
the inferior side of the fossa part. The separation of these articulating sites is unique 
in TMJ prostheses and enables the use of relatively large load-bearing areas for both 
articulations, resulting in low contact stress and therefore low wear rates16, 17.

In order to customise the design the technical drawings were retrieved from the 
original manufacturer to function as a base for the 3D design of the patient specific 
prosthesis. In this customised TMJ prosthesis, the concepts of the original Groningen 
prosthesis where maintained -i.e., the inferiorly located CR and the separated articu-
lation sites for rotational and translational movements. A prosthesis that consists of a 
customised fossa and mandibular part was designed in order to match the individual 
patient's anatomical geometry. Fig. 2 presents an example of the custom Groningen 
TMJ prosthesis, including an exploded view (2B) for a detailed description per part. 
For this customised prosthesis titanium alloy was used for the fossa-(2B part A) and 

Fig. 2 | A. Customized Groningen TMJ prosthesis B. Exploded view of the custom Groningen TMJ prosthe-
sis: a printed titanium fossa part, b ceramic gliding part (tapered fixation to fossa part), c UHMWPE disc, 
ceramic condylar head (tapered fixation to mandibular part).
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mandibular part (2B part E). Zirconia for used for both the condylar sphere (2B part 
B) and translation plate (2B part D) while the disc (2B part C) is made of UHMWPE.

In addition to the customised  prosthesis design, surgical guides for per-operative 
placement where designed, matching the prosthesis design and the individual 
anatomy (Fig. 3). These surgical guides were designed to implement the virtual plan-
ning in the actual surgical procedure, and consisted of a condylectomy guiding flange 
and drill guiding cylinders for creating screw pilot holes. Guides were manufactured 
from Polyamide by means of Additive Manufacturing using an EOS P396 SLS printer 
(EOS, Krailling, Germany). The drill guiding cylinders were machined from stainless 
steel (316L) in order to minimise wear particles due to high-speed drill contact. All 
titanium parts used during this study were 3D printed from medical grade titanium 
alloy powder (Ti-6Al-4V ELI/Grade 23) using an EOS M 290 Direct Metal Laser 
Sintering printer (EOS, Krailling, Germany). In the original Groningen TMJ pros-
theses, commercially pure titanium (Ti-CP) was used. In current TMJ prosthesis, 
the mechanically superior medical grade 23 titanium alloy was used as material for 
the fossa part and mandibular part. Ti-CP is reported to have a lower strength and 
resistance to fatigue than (3D printed) grade 23 titanium18, 19. In order to obtain a 

Fig. 3 | A. Custom polyamide surgery guides with stainless steel bur inserts used for cutting, drilling and 
placement indication of the prosthesis. B. Condylectomy performed according to the guide. Fossa guide 
applied to the bone as well.
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smooth surface finish to all soft-tissue facing sites of the printed titanium parts, the 
parts were milled after printing. The articulating zirconia and UHMWPE parts were 
milled using high precision milling machines.

In order to produce the prosthesis, all connected parts were fixed through mechani-
cal connections. No additional adhesives were required. For fixating the condylar 
sphere, a self-locking taper connection was used. For fixation of the translation plate 
an interference-fit was chosen. The resulting force, when functioning in the patient, 
for these mechanical connections is mainly compressive. This is comparable to the 
original design8. Both connections are illustrated in  Fig.  2B, exploded view. The 
Groningen TMJ prosthesis as well as the surgical guides where provided by Xilloc 
Medical, (Sittard-Geleen, The Netherlands). The produced TMJ prosthesis consists of 
three parts: fossa part, mandibular part, and the UHMWPE disk.

A cadaver test was set up to validate the surgical procedure and accuracy of the surgical 
implantation of the customise TMJ total joint prosthesis. A total of five fresh-frozen 
human cadaver heads (n = 10 prostheses, = 20 fixed prosthesis parts) were individually 
operated and received a bilateral patient specific TMJ prosthesis. In order to make 
a virtual planning and design, a CT scan of the cadaver heads was made in frozen 
condition. Anatomical 3D-models of the skull, mandible and mandibular nerve were 
acquired using Mimics 19.0 (Materialise, Leuven, Belgium) software. Based on these 
models, the fossa and mandibular prosthesis parts where designed using 3-Matic 11.0 
(Materialise, Leuven, Belgium). The virtual planning included the anatomical CR of 
the mandible, the inferiorly located prosthesis CR, resection planes for condylecto-
mies, screw positions and screw lengths. For all parts that required screw fixation a 
surgical guide/template was designed to translate the virtual 3D-planning towards 
per-operative guidance for the surgeon.

The patient specific parts of the prosthesis are fixed to the bone using 2.0 mm corti-
cal locking screws (KLS Martin, Tuttlingen, Germany), therefore matching internal 
threads were integrated into the design.

Surgery
The cadaver heads were thawed several days before surgery. Implantation was per-
formed according to regular pre-auricular and retro-mandibular approaches. The 
surgical guides were fixed to the skull and mandible using 2.0 mm surgical screws. 
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After drilling of the screw pilot holes through the guides, guides were removed and the 
prosthesis parts were positioned with a set of three centring pins before screw fixation, 
see Fig. 4A and B. This allowed for an exact alignment of these particular prosthesis 
parts to the pilot holes, therefore making sure the prosthesis is already in place before 
final screw fixating. Furthermore, alignment using centring pins provides the surgeon 
a visual check to see whether or not all pilot holes line up properly with the prosthesis 

Fig.  4 | Per-operative images of the custom prosthesis placement. A. The mandibular and fossa guides 
are placed. B. The prosthesis (fossa part) is aligned using the centring pins (orange arrows). Note the glass 
marker sphere for post-operative analysis (yellow arrow). C. The fossa part is placed by screw fixation. D. 
Final result of prosthesis placement.
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parts. After bilateral implantation the heads underwent a post-operative CT scan for 
analysis as presented in Fig. 4C and D.

Placement accuracy
On CT images titanium causes streak artefacts, thereby it can obstruct a reliable 
post-operative analysis. To enable accurate post-operative evaluation, all skull- and 
mandibular parts were supplied with three 2.0 mm spherical glass radiopaque mark-
ers, with an offset from the titanium main parts (see Fig.  4B, yellow arrow for an 
example).

The accuracy of implantation was evaluated after each cadaver test. This accuracy was 
derived by superimposing our final design file (STL format) onto the post-operative 
CT scan, using the glass tracer spheres as a reference. This placement was performed 
by 2 independent observers (JK, BM) in random order. The inter-observer variation is 
determined for all 20 prostheses parts (both fossa and mandibular). A post-operative 
segmentation was carried out and matching of the post-operative result to the pre-
operative planning was performed. Skull and mandible, including the corresponding 
prosthesis part, were matched separately. Using a best fit alignment function in Geo-
magic Studio 2012 (3D Systems, Rock Hill, USA) based on an iterative closest point 
algorithm, both the planned and post-operative situations where matched.

The deviation between the planning and post-operative result was registered by centre 
point distances, the Euclidean distances based on the x, y, z coordinates of all glass 
tracer spheres. From these three values, a mean Euclidean error value and standard 
deviation for all fixed prosthesis parts was derived.

Data analysis was performed using IBM SPSS statistics version 23 (IBM corp., 
Armonk, NY, USA). Both the mean and standard deviation where calculated for 
the difference between the identified landmarks. The inter-observer variability was 
supported by the calculation of the intra class coefficient (ICC), in which the value of 
<0.40 is reported as poor, 0.4–0.59 fair, 0.60–0.74 good and 0.75–1.00 as excellent20.
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RESULTS

All planned prostheses were successfully implanted, resulting in the total series of 10 
implanted prostheses (=20 fixed implanted prosthesis parts –i.e., fossa and mandibu-
lar). After matching with the post-operative CT data, a mean Euclidean error of 0.81 
[mm] (SD 0.29, R: 0.49–1.60) was found. The mean difference on the fossa parts was 
0.80 mm (SD 0.29) and for the mandibular parts was 0.82 mm (SD 0.31). The values 
for all implanted prosthesis parts are presented in Table 1.

The inter-observer variation was found to be 0.39 mm Euclidean distance, with an 
inter class correlation (two-way mixed) of 0.99. The mean deviation between the two 
observers was 0.23 mm, 0.17 mm and 0.16 mm in the x, y, z axis respectively.

The surgical approach used for the total joint insertion comprising a pre-auricular and 
retro-mandibular incision provided sufficient exposure, resulting in proper implanta-
tion of the prostheses using surgical guides, according to our pre-operative virtual 
plan. Fig. 4 presents a per-operative impression of the surgical procedure. After guide 
removal and positioning of to be fixed prosthesis parts using our centring pins, a clear 
visual check was acquired by the surgeon, as well as proper pre-fixation positioning of 
the prostheses. Fig. 4 shows this per-operative pre-fixation visual check.

Table 1 | Result of post-operative analysis.

Prosthesis Mean Euclidean dist. [mm]

Fossa Mandibular

I-L 1.42 0.64

I-R 0.69 0.84

II-L 0.49 0.69

II-R 1.17 1.04

III-L 0.68 0.70

III-R 0.63 1.60

IV-L 0.68 0.71

IV-R 0.77 0.89

V-L 0.91 0.62

V-R 0.60 0.49

Mean 0.80 0.82

SD 0.29 0.31

Total of n=20 prostheses

Mean 0.81

SD 0.29
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DISCUSSION

We developed and validated a customized TMJ prosthesis, based on the previous 
Groningen principles, of the stock prosthesis, in a humane cadaver series (N = 10 
prostheses). The virtual planning was directly translated to the cadaver using a newly 
developed surgical custom made template. This template includes bony fixation, guid-
ance for the condylectomy and pre drilling of the screw-holes. An exact translation 
of the planning was realised and confirmed by post-operative analysis based on CT 
imaging.

The Groningen TMJ prosthesis, as it was described in this manuscript, combines 
both a validated concept of the previous Groningen TMJ prosthesis and approved 
methods for 3D virtual planning and design. In addition the translation from virtual 
planning to the surgical procedure and post-operative analysis were derived from an 
oncologic reconstructive surgery workflow as was described by Schepers et al.12.

The design of the Groningen TMJ prosthesis includes a lowered CR, which simulates 
the anatomical combination of both rotational- and translational movements of the 
condyle6. In comparison to other commercially available TMJ prostheses, this is a 
unique feature2, 15, 21. In order to realise the planned location of the lowered CR, 
accurate translation from planning towards surgical procedure is required. Therefore 
the proven methods for placement and drilling guides were used12, supplemented with 
the described centring pins.

In this study we validated the guided placement of the Groningen TMJ prosthesis, 
resulting in a mean Euclidean distance deviation of 0.81 mm. Multiple studies have 
reported patient-related outcome measures, e.g. pain, mouth opening, however no 
detailed description of the placement accuracy was found15, 22, 23. The study of Haq 
et al., (2014) reported the use of patient specific cutting guides in order to place a 
custom TMJ prosthesis as treatment for ankylosis of the TMJ, in a single stage surgical 
procedure. The described concept of the cutting guides is comparable to the methods 
described in this manuscript, however the report from Haq et al.24 did not state the 
use of guides for pre-drilling the fixation screw holes in the fossa part, nor positioning 
check with the use of centring pins. The accuracy of placement of the custom TMJ 
prostheses was not reported24.
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The use of customized TMJ prostheses has been reported to have advantages over 
stock prostheses. In previous studies, the fitting and placement by guides realised 
accurate fit to the bone and stability, which improves osseointegration and thereby the 
long-term success2, 9. Moreover, custom TMJ prostheses are less likely to exhibit micro 
movement when in situ and subject to forces of normal physiology. This is expected 
to contribute to an extended lifespan and reduced failure rate24, and concluded to be 
a safe and predicable treatment25.

This study presents a customised prosthesis that was optimised and validated in a 
human cadaver series. After this successfully completed pre-clinical phase and the 
recently obtained permission by the local medical ethics board, it can be applied in 
patients. At this stage however, no validation of clinical outcome in terms of improve-
ment or consolidation of the opening of the mouth, decrease in reported pain of jaw 
function can be reported. Application of the custom Groningen TMJ prosthesis in 
a clinical series of patient will provide information with regard to these functional 
parameters and is currently approved by our medical ethical board.

Conclusion
This study presents an optimised design for the custom Groningen TMJ prosthesis. 
The workflow was validated in a series of 5 human cadavers, resulting in high accurate 
placement by using a routine surgical approach.

We conclude that the use of 3D virtual planning and custom production of the TMJ 
prosthesis enables accurate surgical placement, and thereby providing the first step 
in improvement of treatment options for patients suffering from restricted mouth 
opening or pain as a result of TMJ-related ankylosis.
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ABSTRACT

Total joint replacement (TJR) with a prosthesis can be indicated for patients with 
severe temporomandibular joint (TMJ) dysfunction. Surgical accuracy is necessary 
for correct translation of the preoperatively predicted functional outcome, wear, and 
biomechanical behaviour of the patient-specific TMJ-TJR prosthesis. This study 
describes the first clinical applications of the patient-specific TMJ-TJR prosthesis 
according to the Groningen principles (G-TMJ-TJR), which was developed and 
validated in a prior human cadaver test study. The aim of this study was to validate 
the accuracy of placement of the patient-specific G-TMJ-TJR in the clinical setting. It 
was hypothesized that a virtual surgical plan (VSP) combined with guided placement 
of the patient-specific G-TMJ-TJR would be performed as predictably and accurately 
as in the prior cadaver series. 

All patients who received a VSP-based patient-specific G-TMJ-TJR between Decem-
ber 2017 and March 2020 were included in this study. The accuracy analysis was 
based on postoperative cone beam computed tomography (CBCT) data. 

All 11 prostheses could be inserted using routine pre-auricular and retromandibular 
surgical approaches. Analysis of the VSPs and postoperative CBCTs showed an aver-
age three-dimensional deviation of 1.07 mm (standard deviation 0.46 mm, range 
0.33–1.91 mm) for all of the fossa and mandibular components. 

The patient-specific G-TMJ-TJR can be applied predictably and accurately in a clini-
cal setting.
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INTRODUCTION

For patients with severe temporomandibular joint (TMJ) dysfunction, a total joint 
replacement (TJR) of the TMJ using a prosthesis may be considered. Reported indi-
cations are end-stage degenerative joint disease, recurrent ankylosis, and congenital 
disorders affecting the TMJ, if conservative treatment or regular open joint surgery 
do not suffice1. Moreover, condylar loss due to neoplasia or trauma, or the need for a 
revision of a failed alloplastic or autogenous reconstruction, are reported indications 
for TMJ-TJR2. Mandibular movement is impaired for most of these patients, due 
to anatomical changes or surgically caused scarification. This often results in pain, 
difficulties in speech, and impaired oral function.

Replacement of a TMJ with a total joint prosthesis can have a great impact on the 
biomechanical aspect of the contralateral joint and can affect the complex mandibular 
movements, which consist of both rotational and translational components3, 4, 5. 
Over the last few decades, a number of prostheses have been developed with the 
aim of reconstructing the TMJ and restoring its physiological movements, especially 
over the last 2 years6. Most of the currently available TMJ-TJRs are produced using 
computer-aided design and manufacturing (CAD/CAM) techniques, enabling virtual 
patient-specific modelling. Generally, designs are based on two commercially avail-
able prostheses7, 8 consisting of both a skull and mandibular component, which are 
fixed separately to the glenoid fossa and mandibular ramus, respectively. These parts 
have the freedom to articulate relative to each other, enabling movement between a 
concave and convex body. The designs of these prostheses, however, do not seem to 
mimic the natural TMJ movement properly in all cases5.

The value of patient-specific prostheses has been widely recognized and should in-
crease treatment predictability and improve long-term success, due to the close fit of 
the prosthesis, which improves osseointegration9, 10, 11. Several CAD/CAM prostheses 
have been placed with the aid of surgical guides to translate the virtual surgical plan 
(VSP) to the operating theatre12, 13, 14, 15,16. However, data on the surgical accuracy of 
implementing TMJ-TJRs with surgical guides are scarce.

Between 1983 and 1999, a unique device – the Groningen TMJ-TJR (G-TMJ-
TJR) – was developed at the University Medical Center Groningen (Groningen, The 
Netherlands). This prosthesis makes use of a lowered centre of rotation compared to 
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the anatomical situation, which is mathematically determined and mimics both the 
translational and rotational components of the healthy joint, without the need for 
actual translational movement3, 4, 17, 18,19, 20. As a result, both the loading and move-
ment of the contralateral joint in the case of a unilateral prosthesis remain within the 
natural boundaries3, 4, 17, 18,19, 20. The G-TMJ-TJR has separate rotation and translation 
sites, allowing for free translation in both mediolateral and anteroposterior directions, 
an aspect necessary for proper mastication. Furthermore, this separation allows for 
improved bearing surfaces, unlike the conventional concave–convex designs with 
sliding point contacts instead of ball–socket principles with relatively large contact 
surfaces, and enables the optimization of both the rotation and translation articula-
tions and low wear rates3, 4, 17, 18,19, 20.

The first clinical application of the G-TMJ-TJR was in 1999 as a stock prosthesis, and 
an 8-year clinical follow-up study was conducted to assess the first series of patient 
applications21. This study showed an improvement in mouth opening and a reduced 
pain score, but the authors also mentioned that the stock device was difficult to posi-
tion and fit to the damaged TMJ region that is often found in TMJ disorders, and 
concluded that a patient-specific prosthesis would be preferred.

After the patient-specific version of the G-TMJ-TJR was developed, it was validated 
with the corresponding digital workflow through a human cadaver test series. Due to 
its fit, it appeared to be a good successor to the stock prosthesis, with sub-millimetre 
accuracy22. The G-TMJ-TJR was subsequently available for use in patients and the 
first patient-specific clinical application occurred in December 2017. Since then, a 
series of 11 prostheses have been placed and are now available for analysis.

The aim of this study was to validate the accuracy of placement of the patient-specific 
G-TMJ-TJR in the clinical setting. It was hypothesized that a VSP combined with 
guided placement of the patient-specific G-TMJ-TJR would be performed predict-
ably and accurately, in a similar way to the previous cadaver series results.
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MATERIALS AND METHODS

G-TMJ-TJR prosthesis
All of the patients in need of a TMJ-TJR underwent a computed tomography (CT) 
scan preoperatively (bone kernel, 0.6-mm slice interval), with the mouth closed and 
in maximum occlusion; this was used for the VSP and prosthesis design. The design 
was conducted in-house and the screw positions were based on local cortical thickness 
and the position of the mandibular nerve. The chosen lowered point of rotation and 
screw positions were paramount in the prosthesis design process. The G-TMJ-TJR, 
manufactured and assembled by Xilloc Medical (Geleen, The Netherlands), consists 
of a patient-specific grade 23 titanium fossa component, which is fixed to the glenoid 
fossa with 2-mm locking screws (Medicon, Tuttlingen, Germany), a patient-specific 
grade 23 titanium mandibular component, which is fixed bicortically to the mandibu-
lar ramus with 2-mm locking screws (Medicon, Tuttlingen, Germany), and an ultra-
high-molecular-weight polyethylene (UHMWPE) neo-disc that is placed in between 
the other two components. Zirconia to UHMWPE bearing couples are realized by 
connecting a zirconia translation plate and sphere, adhesive-free through press-fitting, 

Fig. 1 |  Rendering of the Groningen temporomandibular joint prosthesis, illustrating the use of fixed surgi-
cal guides for drilling and cutting (A). The guides are fixed using compression screws (blue) and are pro-
vided with stainless steel drill sleeves. The planned condylectomy is indicated by the cranial edge of the 
mandibular guide. (B) All the separate prosthesis components are labelled: F: titanium fossa component; 
T: zirconia translation plate; D: UHMWPE neo-disc; S: zirconia condylar sphere; M: titanium mandibular 
component.
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to the fossa and mandibular components, respectively, during fabrication (Fig. 1)22. 
The neo-disc is locked on the zirconia sphere at the mandibular component using 
a snap connection and can freely translate along the translation plate of the skull 
component. All of the fixed parts are placed using patient-specific medical-grade 
polyamide surgical guides, which are fixed to the bone using 2-mm screws. The surgi-
cal guides are used to both drill all the pilot screw holes and to perform the planned 
condylectomy at the condylar neck level22.

Patients
All of the patients who received a patient-specific G-TMJ-TJR prosthesis between 
December 2017 and March 2020 were included in this study.

Surgical procedure
A single-stage implantation is indicated when the patient’s fossa and condyle are 
clearly separated at the bone level on the CT. When this is not the case, or the patient 
already has a prosthesis or other object in situ that does not allow reliable scanning of 
the bony recipient area, a two-stage surgical procedure is necessary. In such cases, the 
fossa is freed up or the obstructing object is removed in the first surgery. A CT scan 
for VSP and prosthesis design is then conducted following the first surgery.

Implantation was performed according to routine pre-auricular and retromandibular 
approaches. During surgery, intermaxillary fixation was applied to the preoperatively 
inserted surgical tooth brackets with elastics. The surgical guides were inserted and 
fixed independently to the mandible or skull using 2.0-mm surgical screws prior to 
drilling the pilot screw holes and performing the condylectomy. Multiple fixation 
screws were planned as a backup in case of poor grip. Subsequently, the guides were 
removed and the pre-assembled titanium–zirconia fossa and mandibular components 
were aligned to the pre-drilled pilot screw holes. The prosthesis was aligned with the 
pre-drilled pilot screw holes, and stainless steel (316 L) centring pins were inserted 
(Xilloc Medical, Geleen, The Netherlands) through the screw holes in the prosthesis 
into the drilled pilot screw holes. Since the planned screw paths are not parallel, the 
centring pins only fit in one manner, resulting in a tight fit of the prosthesis to the 
bone. Next, the pins were replaced one by one with 2.0-mm locking screws (Medicon, 
Tuttlingen, Germany) and the UHMWPE neo-disc was snapped into place over the 
neo-condyle with a distinct popping sound, indicating a good retention of the disc 
(supplementary video).
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Analysis of accuracy
All of the study patients underwent a routine postoperative cone beam computed 
tomography scan (CBCT) within 16 days after surgery, which was used to evaluate 
the accuracy of the prosthesis placement. The computer-aided design (CAD) files in 
STL format of the patient-specific titanium components were superimposed onto the 

Fig. 2 | The exact same design files were used to select both the planned and postoperative marker posi-
tions. Superimposing the design files enables a coordinate comparison. The midpoints of both the medial 
and lateral edges of the translation plate for the skull component were selected, as was the centre of the 
most ventral screw head recess. The midpoint of the sphere/neo-condyle was chosen for the mandibular 
component, together with the centre points of the screw head recesses in the most ventral screw and the 
third cranial screw along the posterior border (A). The planned marker positions in green and the postop-
erative superimposed marker positions in red were used for postoperative analysis (B). A clearer view of the 
marker deviation is visible when the planned prosthesis is hidden (C).
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postoperative CT data, and a comparison was made with the planned positions. This 
alignment was performed by two observers independently (BM, JK) using ProPlan 
CMF 3.0 software (Materialise, Leuven, Belgium); the inter-observer variation was 
determined for all fossa and mandibular components separately. The skull and man-
dible were segmented postoperatively and matched individually to the preoperative 
segmentations, whilst moving along the matched CAD files. Matching was conducted 
in the 3-Matic 11.0 software (Materialise, Leuven, Belgium) using a surface-based 
alignment function.

In order to assess the deviation between the planned and postoperative prosthesis 
positions, three landmarks were assigned to both the fossa and mandible parts. To 
analyse the fossa part, two coordinates were chosen on the lateral and medial sides of 
the translation plate, in the exact middle of its length (anteroposterior direction). A 
third coordinate was assigned to the recess of the most anterior screw head, which is 
meant to receive the centre of a screwdriver. The landmarks used for the mandibular 
parts were assigned to the centre of the neo-condyle and recesses in the screw heads 
of the most anterior screw and the most caudal screw along the posterior border 
of the mandible (Fig. 2). Since all of the translation plate, neo-condyle, and screw 
CAD files are exactly the same, the landmarks are reproducible and can be assigned 
objectively. The deviation of each landmark couple was measured as a Euclidean or 
three-dimensional (3D) distance, and the mean Euclidean error and standard devia-
tion (SD) were calculated for three landmark deviations per prosthesis.

Statistical analysis
Calculation of the inter-observer variability was performed in IBM SPSS Statistics 
version 23 (IBM Corp., Armonk, NY, USA). The inter-observer variability was 
determined by calculating the inter-class correlation coefficient (ICC), whereby a 
reported value of <0.40 is poor, 0.40–0.59 is fair, 0.60–0.74 is good, and 0.75–1.00 
is excellent23.

Approval for this study was obtained from the Medical Ethics Board of the University 
Medical Center Groningen (METc 2016/568).
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RESULTS

Over the duration of this study, a total of 11 prostheses were placed in 10 female 
patients who required either a primary (n = 8) or secondary (n = 2) TMJ-TJR. The 
patients in the primary TMJ-TJR group suffered from recurring ankylosis, which had 
resulted in poor mouth opening, pain, and impaired speech and chewing abilities. The 
two patients who needed a secondary TJR had received stock G-TMJ-TJR prostheses 
during the 1999–2000 period but still had pain complaints, which were assumed 

Fig. 3 | Panoramic radiographs obtained (A) pre-revision and (B) post-revision of the right-side TMJ-TJR in 
patient 1. Due to prior suboptimal positioning of the mandibular component, the stock G-TMJ-TJR was not 
satisfactory. This indicates the difficulty that can present with stock prostheses and/or without the use of 
surgical guides.
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to be related to a suboptimal fit. One of the secondary TJR patients only required a 
mandibular component restoration to correct a suboptimally positioned stock man-
dibular component (Fig. 3). Accordingly, a VSP was designed that incorporated the 
new mandibular component – including a new zirconia neo-condyle – that matched 
the original 15-year-old stock fossa component.

Fig. 4 | Intraoperative pictures showing the use of the surgical guides. (A) The separate fossa and mandibu-
lar guides are designed and assembled with drill sleeves. (B) The pilot screw holes drilled under guidance 
seen after fossa guide removal. (C) The fossa component with the TJR in place. (D) The mandibular resec-
tion and drilling guide in place; note the two fixation screws applied to ensure the correct drill pattern. 
(E) The pilot screw holes drilled under guidance seen after mandibular guide removal. (F) The mandibular 
component in place.
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The surgical procedures were uneventful and all prostheses could be inserted according 
to the VSP using the routine pre-auricular and retromandibular surgical approaches. 
This resulted in a total of 21 separate components (10 fossa and 11 mandibular) placed 
under guidance that were available for analysis. Figure 4 shows the intraoperative use 
of the surgical guides for patient 2.

The analysis of accuracy showed a mean Euclidean deviation of 1.10 mm (SD 0.55 
mm, range 0.33–1.91 mm) for the fossa component and of 1.05 mm (SD 0.38 mm, 
range 0.45–1.60 mm) for the mandibular component. When combined, an overall 
mean Euclidean deviation of 1.07 mm (SD 0.46 mm) was calculated for all of the 21 
separately placed components. Table 1 describes the deviation of all of the separate 
components. The inter-observer variation was a mean Euclidean distance of 0.20 
mm with an ICC (two-way mixed) of 0.93, indicating an excellent matching of the 
measurements made by the two observers.

Table 1 | Overview of the patients included in this study. The mean deviation for each separate prosthesis 
component placed under guidance is presented for all of the patients.

Patient Age Sex Indication Lat. FP MP

1 56 F Revision of stock prosthesis R NA* 0,87

2 51 F Ankylosis L 0,70 0,45

3 53 F Bilateral ankylosis L 1,64 1,05

4 55 F Ankylosis R 1,91 1,55

5 72 F Condylar neck fracture malunion R 1,64 1,52

6 68 F Ankylosis L 1,57 0,94

7 52 F Ankylosis R 0,33 1,60

8 59 F Revision of stock prosthesis L 0,84 1,04

9 68 F Ankylosis L 0,83 0,63

10 56 F Ankylosis R 0,52 0,76

Mean 59 1,10 1,05

sd 0,55 0,38

Range 0.33-1.91 0.45-1.60

F, female; R, right; L, Left; NA, not applicable; SD, standard deviation.
a Patient1 only received a mandibular component.
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DISCUSSION

In this first prospective series of clinical applications of the patient-specific G-TMJ-
TJR, all prostheses were placed successfully with high predictability and good initial 
stability. Postoperative analysis showed highly accurate positioning of the G-TMJ-TJR 
prostheses using fixed surgical guides as a tool to translate the VSP to the intraopera-
tive setting.

Only two prior studies have analysed the deviation between the VSP and the postop-
erative positions in guided placement of patient-specific TMJ prostheses22, 24. The first 
publication on this subject was a study performed by the present authors, in which 
the patient-specific G-TMJ-TJR was validated in a series of human cadavers22. An 
overall mean 3D deviation of 0.81 mm (SD 0.29 mm) was observed in the cadaver 
series, compared to 1.07 mm (SD 0.46 mm) in the current study. The difference, 
even though marginal, could be related to the fact that the positions of the three 
landmarks for each prosthesis component were adapted in the patients and placed in 
the extremities of the prostheses, where the deviations were expected to be greatest. 
This was necessary because the glass tracer spheres that were used in the cadaver series 
could not be used in patients.

The second publication on this subject was by Sembronio et al.24. They placed a 
patient-specific VSP-based prosthesis using surgical guides. Since the VSP, guides, 
and prostheses had similarities in their setup and function, the results of the deviation 
analysis were expected to be comparable. However, it appears that they only used a 
surgical guide to position the mandibular component and it is not clear to us whether 
they fixed their surgical guides to the bone prior to drilling. A mean value of the 
absolute deviations was not mentioned, but a scatter plot was presented instead. Based 
on the information provided in their paper, an approximate range of 0.0 to 2.6 mm 
and a standard deviation of approximately 0.8 mm could only be guessed for their 
two-dimensional measurements. Their results, however, are not directly comparable 
to the measurements presented in our previous study or the present study. The authors 
presented their measured deviation on the midsagittal plane. Therefore, only two 
out of three deviation directions were taken into account, meaning the actual 3D 
deviation would have been greater than that described in their paper, unless the third 
direction was 0 mm for all of the measured points. Moreover, the measurements were 
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performed by only one observer. Therefore, it remains unclear how user-dependent 
their measurements were.

The surgical accuracy of patient-specific TMJ-TJRs is required for a correct translation 
of the preoperatively predicted functional outcome, wear, and biomechanical behav-
iour. Discrepancies between the planned and postoperative position of a TMJ-TJR 
prosthesis can affect the above and the proposed function of the device4, and cause 
malocclusions25, resulting in unforeseen and increased loading conditions, especially 
when the device does not make use of a spherically shaped contact set at both the 
neo-condyle and fossa level7, 14, 26. Malpositioning a non-spherical fossa–condyle con-
tact can initiate point contacts where two non-matching shapes meet and potentially 
could affect condylar seating in the contralateral joint (Fig. 5). The occurring material 
stress in such point contacts can exceed the theoretically assessed values and, in turn, 
drastically increase UHMWPE wear27. The flat sliding contact of the G-TMJ-TJR 
neo-disc, one of the Groningen principles, ensures a constant load-bearing surface to 
avoid such point contacts and maintain a relatively large surface area to reduce wear17. 
Studying the surgical accuracy provides valuable information regarding accurate 
boundary conditions and worst-case scenarios and can be used for biomechanical 
calculations. When a prosthesis is accurately positioned according to the VSP, predict-
ing the in situ loading becomes more accurate as well.

Fig. 5 | Schematic examples of two prostheses with a non-spherical/non-matching contact set (A and B) 
at the neo-condyle to fossa component articulation site and the G-TMJ-TJR (C) with a spherical/matching 
contact set. The cross-sectional views illustrate the effect of a marginal shift of the neo-condylar position 
(A′, B′ and C′) relative to the neo-fossa, which results in a point contact (circle) in A′ and B′, and increasing 
material stress. Note the shifting has no influence on the contact in situation C′.
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The important factors for an accurate execution of a VSP using surgical guides are 
comprehensive preparation and denudation of the bone surfaces in contact with the 
guides and the fixation of the surgical guides to the bone using screws. The latter is 
necessary to ensure that planned inter-screw relationships are maintained during pilot 
screw hole drilling, which is especially important when using locking screws. In the 
absence of surgical guides, the final prosthesis could be used as a template to drill 
through. However, not having any protective drill sleeves can result in damage to the 
prosthesis, thereby leaving metal particles in the surrounding tissues and off-centred 
screws.

Knowing the surgical accuracy of the G-TMJ-TJR procedure enables the worst-case 
positioning scenario to be taken into account. In such a case, the pressure of the 
mandibular component, through the neo-disc to the translation plate of the skull 
component, would be insufficient due to a lack of contact. With this in mind, over-
sized backup neo-discs are available during all implantations. In the case of different 
TMJ-TJR devices, the accuracy measured in the present study could also result in 
non-contact between the skull and condylar component during occlusion or chewing. 
Such a gap would be more complex, if not impossible, to correct. This also applies to 
stock TMJ-TJR devices where no VSP, surgical guides, or specific fit to the bone are 
incorporated in the surgical procedure.

Several authors have reported the shortcomings of stock TMJ-TJRs. According to 
Mercuri, slightly misplaced TMJ-TJR devices require a posterior stop at the fossa 
component to prevent the condyle from displacing posteriorly28. Therefore, when 
a patient-specific device can be positioned accurately using, e.g. surgical guides, a 
posterior stop is no longer required, saving space towards the auditory canal and 
resulting in a less bulky device. The bony anatomy of patients who require a TMJ-
TJR is often damaged, which makes fitting a stock TMJ-TJR complex and generally 
requires bone alterations. Using a patient-specific device will reduce intraoperative 
bone loss, since a patient-specific fit can be obtained by removing less or no bone29, 
whilst providing a stable fixation. This was described by Wolford et al. as improving 
long-term outcomes30. Due to the aforementioned, the authors consider that the use 
of patient-specific TMJ-TJR devices combined with surgical guides based on a VSP 
should be preferred at all times.
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This study is novel in validating the true 3D accuracy of placing TMJ-TJR prostheses 
in a clinical cohort, with consistently good results. Currently, only 11 G-TMJ-TJRs 
have been placed in 10 patients and the clinical results appear promising. Both pain 
scores and maximum mouth opening improved when compared to preoperative 
measurements. However, it is still too early to draw conclusions about the clinical 
and functional outcomes due to the relatively short follow-up period of a maximum 2 
years. It is hypothesized that the accuracy of patient-specific TMJ-TJRs, as described 
in this study, will play a key role in improved function when compared to stock G-
TMJ-TJRs21, due to the highly predictable positioning protocol. The clinical results 
will be investigated in terms of functional outcomes and pain scores in a future study.

The results of this study indicate that patient-specific Groningen TMJ-TJR prostheses 
can be applied accurately and predictably in both one-stage and two-stage surgical 
procedures. The workflow involving a VSP, a patient-specific TMJ-TJR, and guided 
surgery, as described in our prior cadaver series, was proven to be applicable and 
comparably accurate in patients.
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ABSTRACT

For patients who suffer from severe dysfunction of the temporomandibular joint 
(TMJ), a total joint replacement (TJR) in the form of a prosthesis may be indicated. 
The position of the centre of rotation in TJRs is crucial for good postoperative oral 
function; however, it is not determined patient-specifically (PS) in any current TMJ-
TJR. The aim of this current study was to develop a 4D-workflow to ascertain the PS 
mean axis of rotation, or fixed hinge, that mimics the patient’s specific physiological 
mouth opening. 

Twenty healthy adult patients were asked to volunteer for a 4D-scanning procedure. 
From these 4D-scanning recordings of mouth opening exercises, patient-specific 
centres of rotation and axes of rotation were determined using our JawAnalyser tool. 

The mean CR location was positioned 28 [mm] inferiorly and 5.5 [mm] posteriorly to 
the centre of condyle (CoC). The 95% confidence interval ranged from 22.9 to 33.7 
[mm] inferior and 3.1 to 7.8 [mm] posterior to the CoC. 

This study succeeded in developing an accurate 4D-workflow to determine a PS 
mean axis of rotation that mimics the patient’s specific physiological mouth opening. 
Furthermore, a change in concept is necessary for all commercially available TMJ-
TJR prostheses in order to comply with the PS CRs calculated by our study. In the 
meantime, it seems wise to stick to placing the CR 15 [mm] inferiorly to the CoC, or 
even beyond, towards 28 [mm] if the patient’s anatomy allows this.



109

Chapter 6

INTRODUCTION

A total joint replacement (TJR) of the temporomandibular joint (TMJ) in the form 
of a prosthesis may be indicated for patients who suffer from severe TMJ dysfunc-
tion. Documented indications include end-stage degenerative joint disease, recurrent 
ankylosis, and congenital disorders affecting the TMJ when joint saving approaches 
do not suffice [1]. Other indications for TJRs are condylar loss as a result of trauma 
or neoplasia in or near the joint or to replace a failed alloplastic or autogenous recon-
struction [2]. In most of these patients, mandibular movement is impaired due to 
either anatomical changes or surgically caused scarification, often resulting in pain, 
difficulties in speech, impaired oral function, and limited maximum mouth opening.

When replacing the TMJ with a TMJ-TJR prosthesis, the condyle or its remnants 
together with the articular disc are removed in order to fit the prosthesis. This results 
in the removal of the insertion of the main muscle responsible for anterior movement 
of the condyle, the lateral pterygoid muscle, from its insertions at the mandibular 
condyle and articular disc. Removal of this muscle’s insertion site in order to place a 
TMJ-TJR is reported to decrease the amount of anterior movement of the TMJ from 
approximately 16 [mm] to only 2 [mm] [3] or less, thereby reducing the joint’s move-
ments to near mere rotations [4]. The consequences of placing a TMJ-TJR unilaterally 
are a lack of anterior movement leading to asymmetrical mouth opening movements, 
where the mandible deviates towards the affected side, marginal laterotrusion towards 
the unaffected side [5], and unnatural loading of the contralateral joint [6].

To overcome this effect, the Groningen TMJ-TJR prosthesis was developed [7,8,9]. 
Apart from its unique feature that allows for free translational movement of the 
neo-disc, the prosthesis applies a lowered centre of rotation (CR) in relation to the 
anatomical condylar centre [8]. Prior research suggested that a lowering of 15 [mm] in 
relation to the condyle would be optimal as a fixed CR for unilateral TMJ prostheses 
[3]. This study was, however, based on 2D optical movement tracking with no direct 
relation to the bony anatomy and thus the condyles of the mandible [10]. The Gron-
ingen TMJ-TJR prosthesis has been available as a patient-specific (PS) device since 
2017, opening doors to also personalise the position of the CR [8]. Figure 1 illustrates 
the effect of a lowered centre of rotation with the Groningen TMJ-TJR prosthesis.
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Physiological mandibular movement is complex and, as per definition, not truly trans-
latable to a mere rotation around a single axis. However, as mentioned, the movement 
of a TMJ reconstructed by means of a TMJ-TJR prosthesis should predominantly 
show rotational movement [4]. Since any translational movement cannot be expected 
to occur in the reconstructed TMJ due to a lack in lateral pterygoid muscle function, 
we chose to analyse a fixed centre of rotation, even though the Groningen TMJ-TJR 
allows for some free translation of the neo-disc [8].

When considering a fixed CR of the mandible, placing it more inferiorly should result 
in increased anterior movement of the associated condyle during mouth opening. 
Moreover, shifting the CR in a posterior direction should enable relatively more rota-
tion in the coronal plane and, thus, in a more inferior excursion of the condyle [3] 
(Figure 1).

Several prior authors have succeeded in analysing the movement of subjects’ mandibles 
by means of tracking them in 2D (sagittal) or 3D [11,12,13,14,15,16,17,18]. Gener-
ally, incisal and condylar points are traced during mandibular movement to analyse 
the mandible’s paths of movement, whilst in other cases the mouth opening or closing 
are described by a path of changing instantaneous centres of rotation throughout the 

Figure 1 | This sketch shows the effect of considering a fixed centre of rotation which is positioned inferior 
to the centre of the condyle. This lowered centre of rotation mimics the natural translational movement of 
the condyle whilst merely rotating. The left sketch shows the occlusal mandibular position. Middle shows 
both the occlusal and maximum opened position of the mandible which is obtained by pure rotation 
around the dot. The right picture shows the implementation of this effect in the Groningen TMJ-TJR pros-
thesis, according to the Groningen Principle.
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movement. The obtained movement tracking data, or four-dimensional (4D) data, of 
the mandible could also be used to calculate the CR in a PS manner. This, however, 
means the patient has to have a physiologically correct movement pattern of the man-
dible in order to determine these points correctly. Patients who are in need of a TJR 
of the TMJ often have an affected mouth opening. In such cases, a patient-specific 
(PS) determined CR of the prosthesis cannot be derived from mandibular movement 
exercises and so should be determined by alternative means.

The aim of this current study was to develop a 4D-workflow to ascertain the PS mean 
axis of rotation, or fixed hinge, that mimics the patient’s specific physiological mouth 
opening. The aim was to use this 4D-workflow to find out if the aforementioned prior 
determined 15 [mm] lowering in CR3 is still relevant and, if not, to suggest a PS CR 
location.

MATERIALS AND METHODS

Twenty healthy adult patients who required cone beam computed tomography 
(CBCT) scanning for 3D virtual surgical planning (VSP) of their bilateral sagittal 
split osteotomy (BSSO) procedure between January 2020 and December 2021, were 
asked to volunteer for a 4D-scanning procedure. The inclusion requirements for the 
4D-study were the presence of orthodontic brackets and the absence of TMJ dysfunc-
tion. Furthermore, the patient should be able to freely move the mandible without 
pain and other limiting factors. Before commencing with this study’s protocol, ap-
proval was received from the Medical Ethical Board, file number: METc 2020/355.

The 4D-scanning was performed with a 4D optical tracking module (Planmeca 4D 
Jaw Motion) installed in a CBCT scanner (Planmeca ProMax, Planmeca, Helsinki, 
Finland). The resolution of the CBCT images was 0.4 × 0.4 × 0.4 [mm] with a field of 
view of 230 [mm]. The subjects had to wear a polyamide maxillary frame, which rests 
on the nasal bridge and ears, and an aluminium mandibular frame rigidly connected 
to the lower dental arch and orthodontic brackets by means of an easily removable 
dental bite registration putty (Exabite TT NDS, GC America INC. Alsip, IL, USA). 
Both the maxillary frame and the mandibular frame accommodated five optical tracer 
spheres which could be optically recorded by the system (Figure 2). The CBCT scan 
was performed in maximum dental occlusion with the patient sitting up straight and 
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in natural head position. The field of view was set to include the complete mandible 
and the maxilla as well as the orbits. Subsequently, movement exercises were carried 
out and recorded in real time with a frame rate of 24 [Hz].

The recorded experiments comprised five consecutive voluntary maximum mouth 
opening exercises per patient. The recorded data were exported as transformation ma-
trices describing the transformation from the CBCT image to the mandible position 
in each frame. The transformation matrices were saved as .xml files and subsequently 
converted to .xslx format using Excel 2019 (Microsoft, Redmond, Washington, USA) 
to allow for easier access of the data for further analysis.

Figure 2 | Sketch showing the 4D-CBCT setup. The subject is scanned with CBCT and subsequent 4D optical 
scanning in one procedure. The subject wears a maxillary frame resting on the nasal bridge and ears and 
a mandibular frame which is rigidly connected to the dental elements. Both frames are provided with five 
reflective markers that are visible on both the CBCT imaging and 4D optical tracking.
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The CBCT scan segmentations were performed in the Mimics 22.0 software (Mate-
rialise, Leuven, Belgium) and 3D-models of the mandible and maxilla were created. 
These models were imported into the 3-Matic Medical 15.0 software (Materialise, 
Leuven, Belgium) to determine the Frankfurt horizontal plane (FHP) and orthogo-
nally positioned midsagittal plane. Parallel to the midsagittal plane, planes were cre-
ated in the medio-lateral middle of each condyle. These mid-condylar planes were 
100 × 100 [mm] in dimension and triangulated with a maximum edge length of 0.2 
[mm]. Subsequently, the mid-condylar planes were merged with the 3D-model of 
the mandible and exported together with the maxilla model as standard tessellation 
language (STL) files (Figure 3).

A program was written to develop the JawAnalyser tool in MATLAB R2020a (Math-
works, Natick, Massachusetts, USA) to analyse the recorded 4D-data and to find the 
instantaneous centre axis of rotation of the moving mandible. The STL models of the 
maxilla and mandible were imported into this tool together with the subjects’ mid-
condylar planes and 4D transformation matrix recordings. Start and end frames were 
chosen manually for each mouth opening, where the start frame was the maximal 

Figure 3 | An example of the assigned Frankfurt horizontal plane and matching midsagittal plane (blue). 
The midsagittal plane was used to create two parallel mid-condylar planes (red), which intersected the 
condyles in their medio-lateral middle point. These mid-condylar planes were used in the JawAnalyser tool 
to calculate the patient-specific centres of rotation and, thereby, the patient-specific axis of rotation for the 
mouth opening.
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occlusal position of the mandible prior to the specific mouth opening and the end 
frame was the maximal open mouth position. The JawAnalyser compares the orienta-
tion of the planes of the mandibles’ start frame with the opened mandible’s planes and 
finds the point of least translation, and thus maximum rotation, on each plane. These 
points describe the start and endpoint of the mandible’s rotation axis or instantaneous 
centre of rotation. This 2D technique relies on the Reuleaux method [19] and is 
translated to 3D by applying two planes to the mandible to find the instantaneous 
centre of rotation.

The accuracy of both the JawAnalyser tool and the entire workflow was validated. The 
JawAnalyser tool was validated by means of inputting geometries that were manually 
translated and rotated in space by known quantities and the results of the tool were 
compared to the known input translation and rotation values.

A phantom model was designed for validation purposes (Figure 4). The entire work-
flow, starting from the 3D-printing of the phantom, followed by the CBCT imaging, 
the subsequent 4D-recordings, the segmentations, and the final determined rotation 
axis, was validated with the aid of this 3D-printed phantom model. This model was 
based on the dimensions of a human head wearing the maxillary and mandibular tracer 
set-up, depicted in Figure 2, and was fixed to the CBCT scanner’s head-supports. It 
included the same optical tracer sphere positions as those of our subjects (Figure 2 
and Figure 4). The mandible part of the phantom was then rotated 25 degrees around 
a fixed axis, with ten repetitions, comparable to a mouth opening of approximately 
38 [mm]. The rotation axes were then determined using JawAnalyser and compared 
to the known physical positions of the phantom’s rotation axis. The begin and end 
locations of the rotation axes were determined in the mid-condylar planes and the left 
and right coordinate sets were registered.

Five pairs of coordinates, indicating the extremities of the axis of rotation for a spe-
cific mouth opening, were extracted for each subject from the JawAnalyser tool. The 
matching start and end frames of these five mouth openings were exported from 
the JawAnalyser tool as STL files and imported together with the extracted axes of 
rotation into 3-Matic. Then, all the start frames were matched to the CBCT occlusion 
mandible position whilst the matching axis of rotation was moved along with its 
mandible. This was necessary to normalise all the axes positions due to slight changes 
in occlusal positions. Once brought to the CBCT position, all the rotation axis coor-
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dinates were finalised and imported into Excel 2019 to calculate the mean x-, y-, and 
z-coordinates and one mean axis of rotation per subject.

Using the previously determined mid-condylar planes, a circle was sketched on the 
cross-section of the condyle. This circle matches the top radius of each condyle and its 
centre, the centre of condyle (CoC), defines the subject’s zero-point, which we used to 
quantify the position of the patient-specific mean axis of rotation (Figure 5).

Figure 5 | A scatter plot showing the 40 patient-specific centres of rotation coordinates we determined 
for our cohort (left & right sides). They are overlaid onto a generic mandible for reference, where the (0, 0) 
point lies in the centre of condyle point (CoC). The red circle indicates the mean measurement, (−5.7, −28.3).
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The PS CR calculation was carried out for both lateralities in all subjects, resulting 
in 40 measurements. Regarding each CR, both a Δ x- and Δ y-distance from the 
CoC were registered in [mm]. The positive x-axis was placed along the FHP in an 
anterior direction, whilst the positive y-axis was positioned orthogonally to the FHP 
in a cranial direction. The measured CRs per subject (left and right) were considered 
independently of each other due to the amount of asymmetry. The data analysis was 
carried out in in IBM SPSS statistics version 23 (IBM corp., Armonk, NY, USA).

The manual determination of the CoC location was repeated by a second observer 
for ten condyles (BM and JK). The inter-observer variability calculation was carried 
out in the SPSS software. The inter-observer variability was supported by calculat-
ing the interclass correlation coefficient (ICC), whereby a value of <0.40 is poor, 
0.40–0.59 fair, 0.60–0.74 good, and 0.75–1.00 is excellent [20]. This statistical test 
is an indicator for the reproducibility of our CoC location determination between 
different observers.

In order to visualise the effect of the calculated mean CR for each patient, points were 
placed at the inter-incisal point and both CoCs. These points were moved along with 
the mandible’s opening movements so that their coordinates formed paths. These 
paths, or traces, were then compared to four scenarios. The first was the physiological 
opening movement we measured with our 4D-tracking system. The second was a 
simulated opening movement with a pure rotation around the PS calculated mean 
CR. The third and fourth scenarios were simulations of the left condyle following its 
physiological path while the right joint was replaced by a fixed CR, either 15 [mm] 
inferiorly to the CoC or at the calculated PS mean position.

RESULTS

Twenty healthy adult subjects were included in this study. These volunteers were 12 
males and 8 females, aged from 18 to 53 years, with a mean age of 29. All the subjects 
had complete natural dentition, wore orthodontic brackets in at least the lower front 
region, and had no temporomandibular joint dysfunction.

Validation of the JawAnalyser tool resulted in a perfect match between the calculated 
and input CRs regarding the geometries that were manually rotated and combined, as 
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well as rotated and translated, as is the case in mandibular kinematics. To validate the 
entire workflow, including the CBCT imaging, the 4D recordings, the segmentations 
and the final traces, the rotation axes of all ten mouth opening movements were 
determined for the phantom model. The mean Euclidean error of the start and end 
coordinates of the rotation axes to the true coordinates of the phantom was 0.81 
[mm].

The 40 CR measurements were normally distributed so the mean position was consid-
ered to be a relevant indicator. The mean CR of the right-sided joints was located 28.3 
[mm] inferiorly and 5.7 [mm] posteriorly, whilst the mean CR of the left joints was 
located 27.6 [mm] inferiorly and 5.2 [mm] posteriorly to the CoC. When both liter-
alities were combined, the mean CR location was positioned 28 [mm] inferiorly and 

Table 1  | All the calculated centre of rotation (CR) positions per subject and per laterality. The delta-Y and 
delta-X columns show the distance from the patient’s specific centre of condyle (CoC) point, which lies in 
(0, 0). A negative delta-Y value indicates a shift inferiorly of the CoC and a negative delta-X value indicates 
a shift in the posterior direction.

Patient Sex Age
Right Left

Δ Y Δ X Δ Y Δ X

1 M 19 -39,7 -5,7 -39,4 -9,2

2 M 18 -13,7 -3,4 -14,9 1,9

3 F 53 -13,5 -11,8 -14,7 -10,1

4 F 20 -15,0 -0,8 -25,0 7,5

5 F 19 -33,6 -3,8 -21,7 -6,8

6 F 32 -26,6 -1,3 -28,0 -5,1

7 M 18 -45,9 -22,8 -39,4 -22,9

8 M 25 -3,2 -4,0 -24,5 -2,1

9 F 23 -23,7 -16,7 -24,7 -17,3

10 M 26 -29,7 -8,7 -31,9 -4,8

11 M 18 -23,0 -16,3 -33,7 -14,2

12 F 26 -19,9 1,0 -15,3 4,5

13 F 18 -33,8 1,2 -26,2 -1,6

14 M 46 -41,6 1,2 -43,5 1,2

15 M 47 -27,2 -13,6 -26,0 -8,5

16 F 47 -37,5 4,4 -26,9 2,1

17 M 23 -36,1 -1,7 -32,8 -1,9

18 M 44 -21,9 1,8 -23,7 0,6

19 M 40 -44,2 -1,2 -42,8 -6,7

20 M 29 -36,7 -11,7 -17,5 -11,2

Mean -28,3 -5,7 -27,6 -5,2
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5.5 [mm] posteriorly to the CoC. The ranges were (−45.9/−3.2 mm) and (−22.9/+7.5 
mm) for the superoinferior and anteroposterior directions, respectively. The 95% 
confidence interval of the calculated mean Δ y-distance from the CoC was −22.9 to 
−33.7 [mm] and −3.1 to −7.8 [mm] for the Δ x-distance. Figure 5 shows a scatter plot 
of the determined coordinates, indicating the PS positions of the CR, overlaid onto 
a mandible for reference. Table 1 depicts all the calculated CR positions per subject.

The manual selection of the CoC for both condyles in ten condyles was repeated by 
a second observer (BM and JK). The inter-observer variation was 1.47 [mm] with an 
interclass correlation coefficient (two-way mixed) of 0.997, indicating an excellent 
match for the measurements by both observers.

Patient 19’s coordinate tracing throughout the mandibular opening during the four 
described scenarios is visualised in Figure 6. We chose this patient because of their 
rather inferior positioned CRs, which pronounces the differences between the four 
scenarios well.

DISCUSSION

The workflow and associated JawAnalyser tool developed in this study serve the pur-
pose of determining the optimal PS fixed axis of rotation. The primary application 
of such PS rotation axes is in designing PS TMJ-TJRs. None of the commercially 
available TMJ-TJRs make use of a PS calculated CR in their designs, and their CR 
positions are based on, e.g., the anatomical condylar position / CoC [21] or on 
technical limitations, i.e., required minimal thicknesses of the used materials [22]. 
In the Groningen TMJ-TJR, however, the CR is placed 15 [mm] inferior to the CoC 
with the aim of mimicking the physiological movement [7]. In this prosthesis, the 15 
[mm] CR can be easily substituted by a PS determined value due to its patient-specific 
design [8,9]. This is naturally within certain boundaries set by the surgical approaches 
used for implantation.

The PS CRs determined in this study mimic the complex physiological mandibular 
mouth opening movement, which consists of both translational and rotational move-
ments, by approaching the mouth opening as merely a rotational movement around 
the PS calculated rotation axis.
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By taking all the patients in our cohort into account, we determined the mean posi-
tion of the CR as being 28 [mm] inferiorly and 5.5 [mm] posteriorly to the CoC. The 
95% coincidence intervals for the mean indicate the probability of the majority of 
the measurements lie within 23 and 34 [mm] inferiorly and 3 to 8 [mm] posteriorly 
to the CoC. Many prior researchers have studied the kinematics of the mandible 
[12,13,14,15,16,17,18], but the only study which determined a mean CR position 
that mimicked the physiological mouth opening was the one by van Loon et al. [3]. 
As mentioned before, they determined an optimal CR of 15 mm inferior to the CoC. 
Although they did not report specific CRs per subject, they did mention that for 
the determination of their optimal CR, the physical boundary conditions, i.e., the 
prosthesis dimensions, were considered as well. This influenced the determination 
of their optimal centre of location, and therefore, it was not the merely anatomical 
optimal centre of rotation. Lowering the CR by 15 [mm] with respect to the CoC can 
already be challenging in some of the smaller patients. Therefore, it does not appear 
feasible to directly implement the mean of the PS determined CRs to the Groningen 
TMJ-TJR or in any commercially available prosthesis in most of our entire set of 
patients. Lindauer et al. also observed a great variation in rotation axes during mouth 
opening, and they discussed the value of PS determination of CR [23].

After replacing the TMJ with a TJR-prosthesis, it can be assumed that the reconstructed 
joint will show, postoperatively, rotational movement only [4]. When substituting the 
physiological movement of the mandible with a mere rotation around the correspond-
ing PS axis of rotation that was calculated with our JawAnalyser, we observed that the 
inter-incisal point closely matched the physiological trace in all the planes. Although 
the CoCs matched both the start and end positions, they had an inversely shaped 
trace when compared to the physiological trace due to the strict rotational movement. 
When we replaced the right TMJ with a fixed CR located 15 [mm] inferiorly to the 
CoC, thereby mimicking the replacement of this joint with a Groningen-TMJ-TJR 
prosthesis, the simulated mouth opening in this particular patient demonstrated an 
obvious deviation in both the sagittal and coronal planes. The lateral deviation of the 
inter-incisal point at maximum mouth opening (MMO), however, was more than 12 
[mm] in this scenario. The excursion that would have been made by the right condyle 
if had it not been replaced by the TJR would have been only 6.4 [mm] as opposed to 
21.4 [mm] in the measured physiological trace. This indicates that the PS CR for this 
patient’s joint was situated even further inferiorly than 15 [mm]. The latter scenario, 
where we maintained the left physiological condylar trace and substituted the right 
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joint with a fixed CR at the PS calculated point, showed a perfect match between 
both the occlusal and MMO positions of the physiological mandible, and the lateral 
deviation at MMO was non-existent.

The visualised effects of lateral and posterior deviations, as seen in the scenario with 
unilateral 15 [mm] lowering of a fixed CR (Figure 6), are less pronounced in patients 
with a smaller mismatch between the applied fixed CR position and the calculated PS 
CR position. It should be noted that these deviations are even more pronounced in 
TJRs with a CR that is positioned higher than 15 [mm], i.e., the Groningen principle. 
This applies to all commercially available TMJ-TJR prostheses.

This leaves us with three options:
•	 accept asymmetrical mouth openings and closing movements
•	 alter the current prosthesis kinematic principles
•	 adapt the movements of the contralateral joint

Since the latter, entailing operating on and restricting a healthy joint, would be 
considered unethical, this means only changing the prosthesis concept or accepting a 
suboptimal mandibular movement. Even though conforming to the PS axis of rota-
tion might not be physically feasible for all cases, knowing the patient’s specific axis 
of rotation is always valuable for predicting the outcome of the TJR procedure and to 
prepare the patient for the expected outcome.

To illustrate the effect of a mismatched fixed CR on the contralateral healthy joint, we 
used an exemplary case to compare two condylar position scenarios (Figure 7). The 
measured physiological MMO position was compared to a simulated MMO in a case 
of a unilaterally fixed CR (15 [mm] inferior to the CoC), which is comparable with a 
unilateral TJR. In this particular case, the calculated PS CR is approximately 44 [mm] 
inferior to the CoC. The contralateral healthy joint completes its full translation, 
whilst the replaced joint only does approximately a third. As a result of the mismatch 
between the PS CR and the simulated CR (44 [mm] vs 15 [mm]), the mandible 
rotates in the axial plane, resulting in a contralateral healthy joint with a condylar 
seating that is forced to rotate at an 8.2 degree angle. Figure 7 illustrates this rota-
tional error. The patient’s measured physiological maximum laterotrusive excursion, 
throughout the mouth opening, results only in a 1.5-degree angle, which is only 18% 
of the simulated forced rotation. The effect a forced rotation and change in condylar 
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seating has on the healthy joint, as well as the maximum acceptable forced rotation 
angles, is still unknown. Additionally, the fact that commercially available prostheses 
have an even higher CR compared to the 15 [mm] inferiorly placed CR in our case 
means that, according to the Groningen principle, this effect would have been even 
greater in those TMJ-TJR prostheses [5,14].

In patients with restricted mandibular movement, e.g., due to severe unilateral ankylo-
sis, performing a 4D-analysis can be challenging, if not impossible, depending on the 
severity of the restriction of movement. Furthermore, our proposed workflow would 
be inapplicable for clinicians who do not have access to 4D techniques. Regarding 
both situations, it could be worth exploring if the PS CR is related to the morphology 
of the mandible and fossa and can thus be predicted instead of measured. Among our 
cohort, we observed that a large portion of the calculated PS CRs lay on or close to 
the occlusal plane. This observation is supported by prior researchers’ findings [24].

In future work, we would like to test the hypothesis that PS CRs can be predicted 
based on the morphology of the mandible and fossa. Tools that can be applied to test 
such typical hypotheses are statistical shape modelling (SSM) [25,26] and principal 
polynomial shape analysis (PPSA) [27]. By using the segmentations of the mandible 
and fossa together with the calculated PS CRs from our cohort as input for the model, 
we can make the model predict the PS CRs of mandibles input without 4D data. 
Further validation of the SSM/PPSA CRs should indicate if there is any relationship 
between the mandible’s morphology and the position of its CRs. However, in order to 
establish a robust model, we would need to expand our current cohort.

The main limitation of this current study, apart from the relatively small sample size 
of 20 patients, is the homogeneity of our cohort. Being patients who required CBCT 
scanning for 3D VSP of their BSSO procedure, all patients in this study had a class II 
or III occlusion (17 vs. 3). Whether these types of malocclusions have an effect on the 
movement pattern of the mandible, especially mouth opening, remains unclear, as to 
the best of our knowledge, this cannot be found in the current literature. Scanning a 
cohort of control subjects might provide us with these answers, but ethics prevent us 
from CBCT scanning of healthy subjects.

The strengths, on the other hand, are the fact that our well-validated method turned 
out a feasible workflow that is not reserved for just BSSO patients. It addresses an 
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issue that seems generally accepted or overlooked and to which more attention should 
be paid.

Conclusions
This study succeeded in developing an accurate 4D-workflow to determine a PS 
mean axis of rotation that mimics the patient’s specific physiological mouth open-
ing. Our results strengthen the conception that PS determination of the CR as, e.g., 
used in TMJ-TJR prostheses, adds value in regard to mimicking the physiological 
mouth opening movement. The CRs applied in the commercially available TMJ-TJR 
prostheses are likely positioned too cranially for the bulk of the population, causing 
physiologically incorrect mandibular movements. The current PS Groningen TMJ-
TJR prosthesis applies a lowered CR of 15 [mm] with respect to the CoC and thereby 
approaches the physiological movement of the mandible to some extent. The mean 
optimal CR we determined in this study, 28 [mm] inferior to the CoC, however, 
implies that 15 [mm] of CR lowering is not sufficient for the bulk of the population. 
In the Groningen TMJ-TJR and perhaps other commercially available prostheses, the 
amount of CR can easily be lowered to a PS determined CR within certain boundar-
ies; however, due to technical and surgical constraints this would not be far enough to 
comply with the PS CRs of the majority of the patients.

Therefore, a change in TMJ-TJR prosthesis concept is necessary for all commercially 
available prostheses in order to comply with all PS CRs calculated in our study. In the 
meantime, it seems wise to stick to placing the CR 15 [mm] inferiorly to the CoC, as 
this already partly mimics the physiological movement, or even beyond, towards 28 
[mm], if the patient’s anatomy allows this.
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ABSTRACT

Over the past decade, the demand for three-dimensional (3D) patient-specific (PS) 
modelling and simulations has increased considerably; they are now widely available 
and generally accepted as part of patient care. However, the patient specificity of 
current PS designs is often limited to this patient-matched fit and lacks individual 
mechanical aspects, or parameters, that conform to the specific patient’s needs in 
terms of biomechanical acceptance. Most biomechanical models of the mandible, 
e.g., finite element analyses (FEA), often used to design reconstructive implants or 
total joint replacement devices for the temporomandibular joint (TMJ), make use 
of a literature-based (mean) simplified muscle model of the masticatory muscles. A 
muscle’s cross-section seems proportionally related to its maximum contractile force 
and can be multiplied by an intrinsic strength constant, which previously has been 
calculated to be a constant of 37 [N/cm2]. Here, we propose a contemporary method 
to determine the patient-specific intrinsic strength value of the elevator mouth-closing 
muscles. The hypothesis is that patient-specific individual mandible elevator muscle 
forces can be approximated in a non-invasive manner. 

MRI muscle delineation was combined with bite force measurements and 3D-FEA to 
determine PS intrinsic strength values. 

The subject-specific intrinsic strength values were 40.6 [N/cm2] and 25.6 [N/cm2] 
for the 29- and 56-year-old subjects, respectively. Despite using a small cohort in this 
proof of concept study, we show that there is great variation between our subjects’ 
individual muscle intrinsic strength. 

This variation, together with the difference between our individual results and those 
presented in the literature, emphasises the value of our patient-specific muscle model-
ling and intrinsic strength determination protocol to ensure accurate biomechanical 
analyses and simulations. Furthermore, it suggests that average muscle models may 
only be sufficiently accurate for biomechanical analyses at a macro-scale level. A future 
larger cohort study will put the patient-specific intrinsic strength values in perspective.
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INTRODUCTION

The demand for three-dimensional (3D) patient-specific (PS) modelling and simula-
tions has increased considerably over the past decade and is now widely available and 
generally accepted as a part of patient care in oral and maxillofacial surgery. Clinicians 
throughout the world now make use of PS modelled oral and maxillofacial implants 
and prostheses, e.g., reconstruction plates for oncological surgery and temporoman-
dibular joint (TMJ) prostheses for total joint replacements (TJR). These specifically 
designed devices are more accurate alternatives to conventional products [1,2] and 
a solution for complex cases where the shelf solutions do not suffice [3]. PS designs 
provide a patient-matched shape to ensure a proper fit to the bony anatomy. However, 
the patient specificity of current PS designs is often limited to this patient-matched 
fit and lacks mechanical aspects related to the individual situation, or parameters, 
that conform to the specific patient’s characteristics in terms of biomechanical de-
mands. Most biomechanical models of the mandible, e.g., finite element analyses 
(FEA), often used to design reconstructive implants or TJR devices for the TMJ, make 
use of a literature-based (mean) simplified muscle model of the masticatory muscles 
[2,4,5,6,7]. This is due to the complexity of the masticatory muscle anatomy and 
the inability to directly measure separate muscle forces in vivo. Unfortunately, this 
directly affects the overall biomechanical model specificity for each patient, which is 
a limiting factor when the model is used to develop a PS implant that should address 
personalised optimisation. Relying on such literature-based non-PS muscle models 
when developing PS implants might result in the same mechanical failures as observed 
with conventional osteosynthesis materials, e.g., osteosynthesis plate failure, stress 
shielding, and, subsequently, screw loosening [8]. The morphology of the masticatory 
system is subject to wide anatomical variations [9]; thus, utilising an average muscle 
model is only valid for general purposes.

Due to practical and ethical limitations on in vivo force output measurements of 
single muscles, it remains challenging to approximate the true maximum acting forces 
of the masticatory muscles. The jaw elevator muscles, consisting of the masseter, 
temporalis, and medial pterygoid muscles, are predominantly inaccessible to mea-
surement techniques, such as intramuscular electromyography (iEMG) and surface 
EMG (sEMG), that could approximate the acting forces. Both can be applied to 
record electrical stimuli in the muscles which, when combined with the resulting 
force output measurements, can be used to approximate a muscle’s acting force. The 
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iEMG technique is, however, known to cause discomfort for the subject [10] due 
to the needle electrodes pinching the muscle. The effect of such invasive sensors on 
muscular behaviour is hard to fathom, mostly because of the inability to directly 
measure a muscle’s force in situ [11]. The sEMG technique reportedly suffers from 
a higher rate of crosstalk, i.e., misleading signals coming from neighbouring muscles 
[10,12]. Furthermore, there are many concerns regarding the sensitivity, applicability, 
reliability, and reproducibility of EMG measurements [10,13].

In 1846, Weber stated that the force of a muscle is related to the total cross-section of all 
the muscle fibres at a specified muscle length. This became known as the physiological 
cross-section (PCS) of a muscle [14]. It was suggested that the PCS is proportionally 
related to the maximum contractile force of a muscle, and thus could be multiplied 
by a certain constant to estimate a muscle’s force. The constant is called the intrinsic 
strength [P] as it represents a force per unit of PCS [N/cm2]. The resulting Formula 
(1) is used to calculate the muscle force (Fmuscle) and can be described as:

Fmuscle= P · PCS [N] (1)

Hitherto, many previous authors studied and suggested maximum values for the 
intrinsic strength of various muscle groups in order to determine the maximum 
separate muscle forces, but the intrinsic values varied widely [14,15,16,17,18]. Weijs 
and Hillen [19] reviewed the available literature on intrinsic strength and suggested 
a P-value of 37 [N/cm2], based on their experimental data. However, this value was 
determined from PCSs measured in cadavers combined with bite force data from a 
group of volunteers. The intrinsic strength calculation was carried out in 2D while 
assuming sagittal symmetry.

The P-value of 37 [N/cm2], determined by Weijs and Hillen [19], is still relevant as a 
general estimate for researchers who want a patient-specific model but only have the 
patient’s muscle cross-sectional data available [20]. Another value frequently found in 
maxillofacial literature is 40 [N/cm2] [21,22,23,24]. This value, initiated by Koolstra 
et al. [21] refers, however, to Weijs and Hillen’s [19] value of 37 [N/cm2].

The same relation was found using muscle cross-sectional area (CSA) [9,20,25]. The 
CSA, rather than the PCS of human masticatory muscles, is often used to estimate 
muscle force because it can be directly measured from computed tomographic (CT) 
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or magnetic resonance imaging (MRI) data, and has been shown to correlate strongly 
with the total cross-sectional area of all fibres, as determined by means of dissection 
or PCS [9,25,26].

With this study, we aimed to propose a contemporary method to determine the 
patient-specific intrinsic strength value of the elevator muscles. The hypothesis is that 
patient-specific individual mandible elevator muscle forces can be approximated in a 
non-invasive manner by combining MRI muscle cross-section data, bite force mea-
surements and 3D finite element analysis simulations, which can be used in patient-
specific designs for reconstructive implants and (TMJ) total joint replacements.

MATERIALS AND METHODS

3D Muscle Model
Our volunteers underwent an MRI scan with a 3T MRI scanner (MAGNETOM 
Skyra 3T, Siemens, Erlangen, Germany) using a T1 weighed sequence (PETRA, 
FATSAT) and 1 [mm] slice thickness, according to our centre’s regular head and 
neck patient oncology protocol. The subjects were scanned while in a supine posi-
tion and instructed to maintain dental occlusion throughout the scan. A manual 3D 
segmentation of the skull and mandible was subsequently performed in the Mimics 
22.0 software (Materialise, Leuven, Belgium) to function as reference geometry for 
further muscle delineation. Using the Brainlab 2020 software (Brainlab, München, 
Germany), the temporalis, medial pterygoid, masseter pars profunda, and masseter 
pars superficialis muscles were delineated using the brush tool. The temporalis muscles’ 
CSAs were measured 10 mm cranially to the Frankfurt horizontal plane (FHP), in 
accordance with the method described by Weijs and Hillen [27].

The muscles were exported as standard tessellation language (STL) files, along with the 
manual segmentations of the skull and mandible. Next, the STL files were imported 
into the 3-Matic Medical 15.0 software (Materialise, Leuven, Belgium), where the 
muscles were wrapped and smoothed to obtain smooth structures. Subsequently, the 
muscle origins and insertions were determined as the contact area between the muscle 
delineations and the mandible and skull. A vector was drawn between the centres of 
gravity for each muscle’s origin and insertion surface, indicating the muscle’s acting 
direction. The maximum CSA was determined for each individual muscle by slicing 
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the muscle along its defined acting direction in increments of 1 [mm] (Figure 1). 
The measured CSAs, in combination with the intrinsic strength values, were used 
to calculate the specific muscle forces. To model the muscle forces, it was necessary 
to assume that all muscles exert their maximum force along their determined force 
vectors simultaneously. A second assumption was that a single intrinsic strength value 
can be applied to all the simultaneously acting muscles within one subject.

The muscle delineations on MRI and the subsequent maximum muscle CSA measure-
ments were independently performed by two individual observers (B.M. and J.S.). The 
inter-observer variability in cm2 CSA was calculated in IBM SPSS statistics version 
23 (IBM corp., Armonk, NY, USA). The inter-observer variability was supported by 
the calculating the interclass correlation coefficient (ICC), whereby a value of <0.40 
is poor, 0.40–0.59 is fair, 0.60–0.74 is good, and 0.75–1.00 is excellent [28]. This 
statistic test is an indicator for the reproducibility of our muscle delineation and CSA 
determination between different observers.

Bite Force Measurements
An experiment was designed to measure the total resulting force of all the elevator 
muscles. Intraoral scans were made of the subjects’ dentitions (Trios III, 3Shape, Co-
penhagen, Denmark). In order to measure the maximum isometric bite force, a spacer 
was placed in between the subjects’ central incisors to allow for a minor mouth open-
ing of 15–20 [mm], resulting in bite sensor placement at the physiological optimum 
muscular length [29,30,31]. The intraoral scanning included both individual arches, 
both arches in natural maximum occlusion and the arches in a slightly open position 
with the spacer in situ. These scans were aligned with the MRI scan and, subsequently, 
the mandible was moved to match the lower dental scan of the opened position.

A bite force sensor was developed for this specific purpose (Figure 2), based on a 
FlexiForce A201 piezoresistive transducer or a force-sensitive resistor (Tekscan, Inc., 
South Boston, MA, USA). This 0.2 [mm] thick flexible sensor is 10 [mm] in di-
ameter and its resistance reduces with increasing pressure. Using an Arduino Uno 
Rev3 microcontroller (Arduino, www.arduino.cc, accessed on 1 July 2021), data were 
collected and processed to read the applied normal compressive force. An apparatus 
was developed for accurate full-range calibration of the sensor. Calibration validation 
resulted in full-range linearity with a maximum error of 5%, measured from 30 to 
560 N.
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Splints were designed to fit the subject’s dentition in order to prevent damaging the 
subject’s dental elements and to distribute the bite force over multiple elements. This 
was performed in order to lower periodontal receptor stimulation and potential pain 
sensations which could influence the muscles’ recruitment, and to protect the dental 
elements, thereby encouraging the subject to apply their maximum voluntary bite 
force [32,33].

The sensors were located in the incisal/midline and the first pre-molar positions since 
these positions are relatively easily accessible and require only minimal mouth open-
ing in order to fit the bite sensor. The sensor pockets were positioned parallel to the 
FHP, resulting in a registration of the bite force magnitude in a predefined direction 
at predefined locations. The sensor thickness was chosen so that a mouth opening 
of 15–20 [mm] could be established [29,30,31] (Figure 1). The splints were printed 
from PA12 polyamide powder (Oceanz, Ede, The Netherlands).

Figure 2 | An overview of the used set-up including the bite sensor (S) and corresponding sets of upper and 
lower splints. The violet pair (I) of splints was used for incisal bite force measurements, the red pair (II) for 
bilateral premolar measurements, and the green (III) and yellow (IV) pairs for unilateral measurements of 
the right and left side of the premolars, respectively.
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The maximum isometric voluntary bite force was registered in an experiment that 
included four separate exercises, each consisting of five load repetitions. Incisal bite 
force was registered, as well as both the bilateral and unilateral premolar bite forces. 
To avoid fatigue, a one-minute pause was taken between each measurement. For each 
of the four bite scenarios, the maximum bite force was determined from the five 
repetitions. These maximum values were used for further calculations.

Finite Element Model
A 3D finite element model was set up to first determine the resulting bite forces when 
calculating the muscle forces from the intrinsic strength value suggested by Weijs et al. 
[19]. These simulations functioned as a datum measurement. In the following simula-
tions, the problem was inversed. The in vivo bite force measurements were now used 
as output objective values and each subject’s muscle model was scaled in output force 
to match these objective values and determine the patient-specific intrinsic strength 
value. These simulations were based on the principle of static equilibrium of forces 
and moments, which can be applied to an object at rest, as is the case with isometric 
bites.

To briefly summarise the two scenarios:
(1) Use the subject’s muscle CSA and calculate the muscle forces with the intrinsic 

strength (P) value of 37 [N/cm], as suggested by Weijs et al. [19], and analyse the 
resulting bite forces.

(2) Use the subject’s muscle CSA and matching measured bite forces and calculate the 
patient-specific intrinsic strength value.

Regarding all the scenarios described in Section 2.2, the reaction forces were measured 
at both condylar supports, indicating the analysed subject’s specific TMJ forces and 
bite force location(s).

Pre-Processing/Model Preparation
The manual 3D bone segmentations of the MRI data and the intraoral scans were 
combined with 3D models of the skull and mandible, including the dentition, in 
the 3-Matic 15.0 software (Materialise, Leuven, Belgium). A cancellous volume was 
assigned to the mandible by means of an internal shell function, resulting in a cortical 
thickness of 2 mm. To ensure the correct condylar positions in our simulations, the 
orientation of the mandible was matched to the slightly opened position of the man-
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dible in the intraoral scan of the dentition with the spacer in situ. The final models 
were imported into Solidworks 2020 (Dassault Systèmes SolidWorks Corporation, 
Waltham, MA, USA) and converted into non-uniform rational basis spline (NURBS) 
solid parts using the Geomagic for Solidworks 2021 add-in (3D systems, Rock Hill, 
SC, USA). All the muscle insertion surfaces were copied and assigned a surface group 
on the mandible model so as to distribute the force equally over the entire insertion 
area.

Condyle supports were used as indirectly fixed buffers to avoid over-fixation, but, at 
the same time, to limit the allowed condylar excursion in both the x- and y-direction 
of the model to allow for natural strain of the mandible. These fixtures were modelled 
as rectangular blocks with the condylar shape subtracted, leaving a 2 mm layer in 
between the condyles and the top surfaces [34]. The tops of these condylar fixtures 
were fixed in the x, y, and z directions and the analysed bite positions of the splints, 
i.e., incisal, left, and right premolar unilateral or premolar bilateral, were fixed only 
in the z-direction to match the bite force experiments. The contact set of cortical and 
cancellous portions of the mandible were considered to be bonded, and thus one part, 
while a non-penetrating contact set was implemented between the mandible and the 
condylar supports and splints. Loads were applied to the muscle insertion surfaces 
using the prior determined Fx, Fy, and Fz muscle force components (see Table 2 in 
Section 3).

Homogeneous linear elastic material properties were applied. The used Young’s modu-
lus and Poisson’s ratio were E = 14.700 MPa, ν = 0.3, and E = 300 MPa, ν = 0.3 for 
the cortical and cancellous bones, respectively [35]. The articular disc properties of E 
= 44.1 MPa and ν = 0.4, as presented by Tanaka et al. [36] were used for the condylar 
supports, while the PA12 splints were assigned E = 1.750 MPa and ν = 0.4.

Parabolic tetrahedral solid mesh elements were used to discretise the model due to the 
complex anatomical shape of the mandible.

Subjects
Our workflow was applied to two male Caucasian subjects, 29 and 56 years old (y.o.), 
who had voluntarily undergone magnetic resonance imaging (MRI) scanning for 
prior research and were still available for further experiments. No subject selection 
was applied. Both subjects had complete and well-preserved dentitions with normal 
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occlusions and no missing teeth apart from the third molars. None of them had clear 
signs of periodontal disease, pain in the temporomandibular joint or jaw muscles, or 
movement restrictions.

RESULTS

Muscle Model
Both subjects’ CSAs were measured longitudinally along each muscle’s determined 
force vector. The largest CSAs were registered as listed in Table 1. The 29 y.o. subject’s 
mean CSAs for the masseter superficialis, masseter profunda, pterygoideus medialis, 
and temporalis muscles were 4.31 [cm2], 2.86 [cm2], 3.37 [cm2], and 6.92 [cm2], 
respectively, whereas the 56 y.o. subject had slightly larger CSAs of 5.47 [cm2], 2.77 
[cm2], 3.98 [cm2], and 7.13 [cm2], respectively.

The mean inter-observer variation between the corresponding muscle CSAs, delin-
eated and measured by the two observers, was 0.73 cm2 with an interclass correlation 
coefficient (two-way mixed) of 0.91, indicating an excellent match of measurements 
by both observers [28]. Since this study only includes measurements in two subjects, 
no further statistical analysis was carried out.

The direction of each muscle, as described by the vector in between the centres of 
gravity of the origin and insertion surfaces of each muscle, were found through the 
Fx, Fy, and Fz components in Table 2. The FHP functioned as the x–y plane with its 
positive x-axis pointing anteriorly, the positive y-axis pointing towards the left side of 
the mandible, and the z-axis pointing cranially. The origin of the coordinate system 
was set where the mid-sagittal plane coincided with the FHP.

Table 1 | An overview of both subjects’ measured maximum cross-sectional areas per muscle. 

Muscle

Subject 1, 29 y.o. Subject 2, 56 y.o.

CSA [cm²]

Right Left mean Right Left Mean

Masseter superficialis 4,64 3,97 4,31 5,17 5,76 5,47

Masseter profunda 3,14 2,57 2,86 2,78 2,77 2,77

Pterygoideus medialis 3,34 3,40 3,37 4,02 3,93 3,98

Temporalis 7,49 6,34 6,92 6,55 7,72 7,13
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Bite Force Experiments
A total of four different bite scenarios, each including five repetitions, were recorded 
for each subject. All the recordings were uneventful while the subjects bit as hard as 
they could. Only the incisal measurements demonstrated that the subjects experienced 
a certain amount of insecurity or pain with the highest measured forces. The splints 
showed a good fit and proved to offer comfortable dental protection while guiding 
the subject to bite at the exact location that was used for the matching FEA. Each 
recording involved five repetitions of the same bite position scenario. The highest peak 
bite force per bite scenario was used as the maximum true in vivo bite capacity at the 
four specified bite locations.

All the bite forces are listed in Table 3. The ∑ F.Bite column in Table 3 describes the 
resultant bilateral bite force and is the sum of the right and left peak force in the 
bilateral experiment. The highest bite forces were registered in the 29 y.o. subject. The 
maximum incisal bite was 189 [N] while the maximum unilateral measurement was 
345 [N] at the pre-molar location. This subject’s highest overall bilateral bite force 
out of the four measurements was recorded as 474 [N] and thus considered the true 
maximum voluntary bite force at the premolar location. Regarding the 56 y.o. subject, 
we recorded 79 [N], 248 [N], and 342 [N] as the highest incisal, unilateral premolar, 
and bilateral premolar bite forces, respectively. In both our subjects, the registered 
bilateral bite forces were approximately 1.4 times (1.37 and 1.38) higher than the 
maximum voluntary unilateral measurements at the same premolar position.

Finite Element Analyses
The first FEAs, four scenarios for both subjects, were set up with an intrinsic strength 
value of P = 37 [N/cm2] and functioned as reference analyses for the subsequent 
inversed determination of the true subject-specific intrinsic strength value for each 
subject. The reaction forces, measured orthogonally to the FHP, are mentioned 
in Table 3 under “In silico”, with P = 37 [N/cm2]. We observed that the intrinsic 
strength value used in these reference analyses was lower than the 29 y.o. subject’s 
actual PS intrinsic strength, while it was too high for the 56 y.o. subject.

The results of the bilateral pre-molar measurements were summed and we considered 
the ultimate true bite capacity of the subject at the pre-molar location (∑ F.Bite). 
These values were used to scale the total system of the subject in the FEA. Once the 
right amount of scaling was achieved, the unilateral and incisal bite scenarios were 
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analysed. The subject-specific P values were 40.6 [N/cm2] and 25.6 [N/cm2] for the 
29- and 56-year-old subjects, respectively. All the post-scaling results, including the 
joint reaction forces of the TMJs, are presented in Table 3.

Table 3 | Bite registrations through the bite force experiments (In vivo) and finite element analyses (In 
silico). All the presented forces acted orthogonally to the Frankfurt horizontal plane. The boxed values were 
matched to determine the PS intrinsic strength values.

Subject 1, 29 y.o.

Bite position ∑ F.Bite
Premolar laterality

Incisal
Condyle

Right Left Right Left

In-vivo

Bilat. premolar 474 256 218 - - -

Premolar R 318 318 - - - -

Premolar L 345 - 345 - - -

Incisal 189 - - 189 - -

In-silico

P = 37 
[N/cm²]

Bilat. premolar 432 241 181 - 392 330

Premolar R 426 426 - - 326 402

Premolar L 425 - 425 - 482 247

Incisal 339 - - 339 445 370

P = 40.6  
[N/cm²]

Bilat. premolar 474 (0%) 264 (+3%) 210 (-4%) - 429 361

Premolar R 467 467 - - 357 440

Premolar L 466 - 466 - 528 270

Incisal 371 - - 371 488 405

Subject 2, 56 y.o.

Bite position ∑ F.Bite
Premolar laterality

Incisal
Condyle

Right Left Right Left

In-vivo

Bilat. premolar 342 195 147 - - -

Premolar R 197 197 - - - -

Premolar L 248 248 - - -

Incisal 79 - - 79 - -

In-silico

P = 37 
[N/cm²]

Bilat. premolar 520 257 263 - 360 416

Premolar R 502 502 - - 280 515

Premolar L 510 - 510 - 453 333

Incisal 409 - - 409 415 473

P = 25.6 
[N/cm²]

Bilat. premolar 342 (0%) 168 (-14%) 174 (+18%) - 241 276

Premolar R 333 333 - - 186 341

Premolar L 338 - 338 - 301 222

Incisal 271 - - 271 275 314
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Maximum Mandibular Stress
When scaling the subjects’ muscular systems, FEA showed that the stresses occurring 
in the mandible changed drastically for the 56 y.o. subject. Even though the location 
of the maximum occurring stress did not change, the P = 37 [N/cm2] analysis showed 
an increase in maximum stress compared to the calculated subject-specific intrinsic 
strength analyses with P = 25.6 [N/cm2]. The maximum von Mises stresses were 
found in the unilateral right premolar scenarios and occurred at the contralateral side 
around the mandibular oblique line. The measured values were 63.8 [MPa] for P = 37 
[N/cm2] compared to 42.3 [MPa] in the matching P = 25.6 [N/cm2] scenario. Figure 
3 visualises this comparison.

DISCUSSION

We propose a contemporary method to determine the patient-specific intrinsic 
strength value of the elevator muscles of the mandible. Furthermore, we show how to 
patient-specifically approximate the value of the individual mandible elevator muscles 
in a non-invasive manner by combining the MRI volumetric data, bite force measure-
ments, and 3D finite element analysis simulations.

We derived the CSAs of the elevator muscles of the mandible through an indirect 
3D slicing approach. We did, however, choose to apply the single-slice measurement 
approach to the temporalis muscle, as suggested by Weijs and Hillen [27]. This was 
due to the muscle’s complex fan shape, which makes it challenging to discriminate a 
single slice in space with the highest CSA. Our two subjects’ values correlate well with 
the CSAs found in the literature [22,26,37,38]. Our approach of determining a CSA 
for both the masseter superficialis and the masseter profunda separately, instead of the 
masseter as a single unit, resulted in a slightly larger total CSA due to the different 
angles at which the CSAs were measured for both muscle sections. This separation of 
both muscle sections is important since it results in two different insertion areas and 
thus different mechanical arm lengths, which have been found to have more impact 
than CSA variation [39]. This effect is most pronounced in the masseter muscle, so 
a case can be made that dividing the remaining elevator muscles would only impact 
the model’s accuracy marginally. Although several authors subdivided the temporal 
muscle into two or three sections, no clear anatomical separation could be observed 
between such portions, making the temporal multiple force vectors rather arbitrary 
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in those cases [10,22]. Koolstra et al. [21], on the other hand, were successful and 
described a clear method on how to divide the temporal muscles into three sections.

An observation we made was the ratio between the total in vivo bilateral and unilat-
eral bite force measurements. In both our subjects, the registered combined bilateral 
forces were approximately 40% (37% and 38%) higher. Several studies support this 
observation [33,40,41]. The majority of the available bite force measurements de-
scribe the molar bite positions. We also ran comparative analyses to determine the 
maximum theoretical bite forces for our subjects’ molar positions using the muscle 
models with the patient-specific intrinsic strengths. The results from these analyses 
were corrected for unilateral bite using the aforementioned unilateral to bilateral ratio 
which should, by approximation, match the subjects’ bite capacities. The FEA shows 
maximum corrected bite forces at the second molar position of around 365 N for the 
56-year-old subject and around 613 N for the 29-year-old subject. These values lie 
within the range of healthy adults with natural teeth [41,42]. Bakke et al. described 
a normal incisal bite force of 120–240 [N] [43]. Our youngest subject’s measures are 
within this range, whereas the measured force for the other subject appears rather low. 
Our subjects noted that regardless of the used splints, the incisal bite capacity was 
limited by a pain sensation around the teeth. According to our simulated incisal bite 
scenarios, based on the measured bilateral premolar bite, both our subjects should 
have been able to generate a higher bite force at the incisal position, as high as 271 
and 371 [N] (Table 3). This suggests a biological inhibition which could be caused 
by signals from the receptors in the periodontal ligaments and mandible. This can 
inhibit muscle recruitment and thereby limit the generated bite force to prevent the 
anatomical structures from overloading [44]. The effect of local anaesthesia on the 
increase in bite force supports this thought [32,45]. We presume this has a greater 
effect on the incisal elements than on the (pre)molar elements due to their much 
smaller periodontal load-bearing surface, resulting in higher technical stress.

The current generally accepted intrinsic strength P values for the jaw elevator muscles 
in the literature are 37 and 40 [N/cm2] [19,21]. In our study, we derived P values 
in a subject-specific manner from FEA simulations, i.e., 25.6 and 40.6 [N/cm2] for 
the 56- and 29-year-old subjects, respectively. Since the MRIs were performed in 
maximum occlusion, our CSA measurements were performed on the corresponding 
muscle lengths. The bite force measurements were, however, registered at the physi-
ologically optimum muscular length. Assuming a constant muscular volume results 
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in an over-approximation of the CSAs, thus giving an under-approximated intrinsic 
strength value. Weijs and Hillen [19] observed this as well in their experiments and 
suggested a gross correction. If one assumes constant muscular volume between oc-
clusion and the physiologically optimum muscular length, a change in CSA can be 
calculated using the measured change in muscle length. Applying a correction factor 
of 10% and 15%, the measured mean muscle length difference between the occlusion 
and slightly opened mandible positions for our subjects resulted in a corrected P-value 
of 27.1 and 46.6 [N/cm2] for the 56- and 29-year-old subjects, respectively. This can 
be easily overcome for future cases by providing the subjects with splints that force 
the physiologically optimum mandibular muscular length while performing the MRI.

Even though our determined subject-specific intrinsic strength values correspond 
rather well with the values found in the literature, they show a broad variation between 
our subjects. This variation implies the necessity to determine the patient-specific ca-
pacity of the muscular system of the mandible. Our 56 y.o. subject’s mandibular stress 
values were 63.8 [MPa] for P = 37 [N/cm2] versus 42.3 [MPa] in the corresponding 
P = 25.6 [N/cm2] scenario. In this case, the P = 37 [N/cm2] intrinsic strength, as was 
suggested in the literature, would have resulted in an overestimation of the muscle 
forces, leading to a stress increase of 51% in the analysis. Using the model to, e.g., 
design a PS implant or (TMJ) prosthesis, could result in a radical overestimation, 
i.e., too bulky or thick designs, of the final implant. Such overestimations lead to PS 
implants that are much stiffer than necessary which, in turn, is likely to result in stress 
shielding of the surrounding bone and could subsequently lead to screw loosening 
due to stress shielding-induced bone resorption [8]. Our 29 y.o. subject’s corrected 
determined intrinsic strength is approximately 25% higher than that suggested in the 
literature. We simulated the reconstruction of a continuity defect in the mandible and 
found a comparable increase in the reconstruction plate’s maximum occurring stress. 
Depending on the applied alloy and the actual maximum occurring stress value in the 
plate, this 25% stress increase could mean a decrease in a plate’s life span of 10,000 
to several million cycles [46], which would mean less than a week to several years of 
intensive loading [47].

We realise that following the protocol suggested by this study, as well as determining 
patient-specific intrinsic strength values, is time consuming and will therefore not 
always fit in with the scheduled treatment of a patient. Hence, future studies should 
aim to optimise and automate parts of the methods used in the protocol described 
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herein. For example, the delineation of the separate muscles is rather time consuming 
and could be overcome by applying a (semi) auto-segmentation tool. Another sug-
gestion would be to simplify the bite force measurements by using a commercially 
available tool.

The variation in determined intrinsic strength values for our subjects in the current 
proof of concept implies that true clinical intrinsic strength determination is complex 
and dependent on multiple factors instead of merely the CSA of a muscle. With the 
results of our small cohort, presented here, we do not suggest a new general intrin-
sic strength value to replace the currently accepted P = 37 and 40 [N/cm2] values 
[19,21]. We did, however, observe the deviation between these values and the values 
we determined in this study, as well as the variation we found between our subjects. 
Therefore, it appears necessary to determine the intrinsic strength in a PS manner 
when critical biomechanical models or simulations are performed.

In the near future, we aim to start a study in which PS intrinsic strength determina-
tions, as presented here, will be carried out for a large group of patients as part of 
the clinical evaluation. We aim to further study the spread of individual intrinsic 
strength values and to conclude if the intrinsic strength should indeed be calculated 
patient-specifically in all cases.

Conclusions
Despite using a small cohort in this proof of concept study, we show that there is great 
variation between our subjects’ individual muscular intrinsic strength. This variation, 
together with the difference between our individual results and those presented in the 
literature, emphasises the value of our patient-specific muscle modelling and intrinsic 
strength determination protocol to ensure accurate biomechanical analyses and simu-
lations. Furthermore, it suggests that average muscle models may only be sufficiently 
accurate for biomechanical analyses at a macro-scale level. A future larger cohort study 
will put the patient-specific intrinsic strength values in perspective.
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INTRODUCTION

The preferred approach when reconstructing continuity defects of the mandible 
following tumour resection is generally to bridge the defect using an autogenous 
free vascularised bone flap, such as a fibula or scapula graft, which is fixated to the 
mandibular segments using osteosynthesis materials (OSM) in the form of rigid tita-
nium reconstruction plates (RP) or mini plates. When patients are unfit to undergo 
a free vascularised bone flap reconstruction due to the poor quality of the donor site’s 
vascularisation, an impaired medical condition or refusal to undergo major free vascu-
larised bone flap surgery, the continuity defects are generally reconstructed with just 
a RP. These can either be manually contoured conventional plates or patient-specific 
implants (PSI). Reported complications in the reconstruction of continuity defects of 
the mandible using RPs are plate fracture, screw loosening, intra- and/or extra-oral 
plate exposure and stress-shielding1-5. 

As the human mandible is a complex and relatively high loaded anatomical structure, 
such reconstruction plates are made from high performing metals. The most used 
materials nowadays are commercially pure titanium and titanium alloys, as they are 
strong, lightweight, biocompatible and have a good resistance to fatigue. However, 
the titanium alloys used for mandibular reconstructions are also rather stiff when 
compared to the human cortical bone. These alloys have a Young’s elastic modulus 
of approximately 110 GPa, whereas mandibular cortical bone remains around 4-20 
GPa6, 7. As a result of this mismatch in material stiffness, the mandible can locally be 
subjected to under-straining upon postoperative loading of the reconstructed man-
dible as the neighbouring titanium is stiffer. This effect is called stress-shielding and, 
according to Frost’s ‘Mechanostat’ principle, it can disturb the natural equilibrium 
of the local bone’s strain values, and bone formation or resorption8, 9. As a result of 
stress-shielding, bone resorption can occur at or close to the bone-implant interface, 
ultimately leading to potential screw loosening and failure of the reconstruction10. 

Apart from the mismatch in elastic modulus between bone and the commonly applied 
titanium alloys, a limitation of titanium and other metallic plates is their interfer-
ence with radiological imaging. Due to backscattering and metal streak artefacts, 
both postoperative radiological imaging and radiotherapy become suboptimal and 
less accurate since the signal gets absorbed or distorted due to the dense metallic 
material11. Moreover, most patients whose continuity defect has been reconstructed 
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after the removal of a malignity, subsequently undergo radiotherapy but the metallic 
reconstruction interferes with the delivery of photons or protons to the target tissues 
and inadvertently can increase the dose in the neighbouring areas. This complicates 
postoperative radiotherapy and the VSP of potential secondary reconstructions.

A solution for aforementioned limitations could be to develop a reconstruction made 
from a radiolucent material which is comparable in stiffness as the bone11. Such prop-
erties can be found in high performing polymers. Hence, polymeric implants have 
been discussed in the literature as potential substitutes for metallic OSM but, due to 
their limited strength compared to the common implant metallic materials, they are 
generally found unfit for the reconstruction of rather large and high loaded defects, 
such as a continuity defect of the mandible. 

Typical examples of high performing biocompatible polymers are polyetheretherketone 
(PEEK) and polyetherketoneketone (PEKK), both found within the polyaryletherk-
etone (PAEK) family. However, due to their mechanically inferior material properties, 
PEEK and PEKK are generally deemed unfit for highly loaded implant constructs12. 
Recently, an attempt has been made to manufacture a load bearing construct for the 
reconstruction of mandibular continuity defects, however, unsuccessful in terms of 
being able to withstand the physiological loading of the mandible13. In that study, a 
conventional strip-like plate was manufactured that was similar in shape to titanium 
reconstruction plates, which possibly may not have been the optimal design for a 
PEEK reconstruction. Alternatively, a geometrically optimal structure, designed to 
be manufactured from a high performing polymer, could provide a sufficiently strong 
load bearing construct. A method that can be used to obtain such a geometrically 
optimal structure is topology optimisation14-16. Using finite element analysis (FEA) 
combined with topology optimisation, a load driven design can be realised by means 
of a solid design space or volume from which material is removed from the lower 
stressed areas. This way, a design dedicated to the analysed material can be realised.

In order to thoroughly validate such a novel PEEK reconstructive PSI, we develop two 
apparatus, one for static experiments and one for dynamic cyclic loading. Using these, 
we obtain insights in both the ultimate strength and the fatigue behaviour of the 
PEEK reconstruction. We hypothesise that a full PEEK PSI, obtained through thor-
ough finite element analysis and subsequent topology optimisation, can withstand the 
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in-vivo loading of the mandible and act as a substitute for current titanium plates in 
the reconstruction of continuity defects of the mandible.

MATERIALS AND METHODS

A representative deceased head and neck oncological subject with a class II Brown’s17 
or Jewer L-type18 mandibular defect was selected as an exemplar case. This 70-year-old 
male subject was edentulous and his mandibular body had already decreased slightly 
to a height of 22mm. The defect size was selected as it is most prone to failure, accord-
ing to the Shibahara et al. study5. Based on experience, the design space, the boundary 
volume for the topology optimisation software, was designed at 2.5 mm and 8.5 
mm lower than the resected segment at the posterior and anterior osteotomy sites, 
respectively to allow for space for proper soft tissue closure. A number of potential 
screw positions was chosen manually, in agreement with an experienced head and 
neck oncology oral and maxillofacial surgeon (MJHW). Based on the findings in 
our prior work19, where adding screws in the osteotomy sites had a positive effect 
on the internal stresses in the implant, a stress-reducing screw was incorporated into 
both of our subject’s mandibular. Two strategically chosen screws need mentioning; 
the bookshelf screw19 and a newly defined dual locking sandwich-screw, which was 
designed to allow for a bi-cortical locking screw to be supported and locked on both 
the buccal and lingual side of the mandible. Due to this dual locking principle, the 
implant is supported on both sides of the mandible without applying resorption-
inducing pressure to the sandwiched bone20, 21. This dual locking sandwich-screw can 
be inserted laterally after the guided pre-drilling of the screw pilot holes. (Figure 2). 
Initially, many screws, namely 23, were put in the FEA model so that any that proved 
unnecessary through topology optimisation could be removed at a later stage. 

In order to approach the dynamic loading statically at various angles of the mouth 
opening, a number of scenarios was constructed. Four different mandibular orienta-
tions were chosen, i.e., maximum occlusion and 5- 10- and 15 degrees of mouth 
opening. Three bite positions were considered for each mandibular orientation, the 
incisal and left and right premolar regions. This resulted in a total of 12 different 
loading scenarios.
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Recently, we published a protocol for the 3D determination of PS muscle models 
of the jaw elevators22. This protocol combines MRI muscle delineation, bite force 
measurements and FEA in order to extract each specific PS muscle force. As we could 
not perform bite force measurements on the selected deceased subject, it was chosen 
to create a hybrid muscle model based on that protocol. This hybrid muscle model 
was obtained by combining the PS muscle orientations and directions together with 
the literature based maximum muscle forces23. Using the available MRI, the elevator 
muscles were delineated in the Brainlab 2020 software (Brainlab, München, Germany) 
and the origin and insertion sites were determined to find each muscle’s acting direc-
tion in the form of a vector. These vectors were then scaled to match the muscle forces 
reported by Langenbach and Hannam23, which were based on the work by Weijs and 
Hillen24. These muscle vectors were then recalculated for the 5-, 10- and 15 degrees 
mouth opening scenarios, by connecting the original muscles’ origins on the skull to 
the insertion sites on the opened mandibles, resulting in a total of 48 unique muscle 
vectors. Table 1 shows the muscle vectors of this hybrid model for these scenarios at 
four different mandible orientations. It should be emphasised that our hybrid method 
uses literature based muscle forces for dentate patients and so are probably higher 
than this specific patient’s were22. The Frankfurt horizontal plane (FHP) functioned as 
the x–z plane with its positive x-axis pointing posteriorly, the positive z-axis pointing 
towards the right side of the mandible, and the y-axis pointing cranially. The origin of 
the coordinate system was set where the mid-sagittal plane coincided with the FHP.

Following the prior PS muscle model determination protocol presented by Merema et 
al.22, the muscle directions and forces were determined in a PS manner for comparison 
purposes. An intrinsic strength value of 37 N/cm² was used to convert the muscle 
cross-sectional area (CSA) from the MRI to muscle force24. Tables 2 and 3 describe 
this PS muscle model. 

FEA was performed in Solidworks 2020 (Dassault Systèmes SolidWorks Corporation, 
Waltham, MA, USA). On each condyle, a single node was fixed in space (x, y & z) 
while, depending on the specific scenario, the bite region (circular area of 7mm2) was 
fixed in only the z-direction, the caudal-cranial axis. Bonded intercomponent connec-
tions were chosen between all the touching components i.e., mandibular cortical and 
cancellous components, screw cylinders and the implant itself. The implant design 
space was designed to be offset at 0.1 mm to the bone and was connected to the man-
dibular segments by means of two-sectioned concentric cylinders to allow for a pin-
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joint semi-contact to improve the optimisation quality after topology optimisation. 
The mandibular model was obtained through segmentation of the subject’s CT-scan. 
The cortical portion was segmented in the Mimics 22.0 software (Materialise, Leuven, 
Belgium) and the inner cavities were assigned as cancellous bone. The homogeneously 
(isotropic linear elastic) mechanical properties of cortical bone (E = 14.7 GPa, ν = 
0.3), cancellous bone (E = 400 MPa, ν = 0.3), Ti-6Al-4V titanium screws (E = 110 
GPa ν = 0.31), PEEK (E = 3.6 GPa, v = 0.4) were applied to the models, in agreement 
with the work by Mesnard and Ramos25-29. 

The results of all 12 FEA studies were exported in .INP format and imported into 
the ProTOp 6.1 software (CAESS, Maribor, Slovenia) for topology optimisation. The 
optimisation problem was set to minimum strain energy, to exhibit the lowest possible 
stress values. ProTOp assigns a weighing factor to each input FEA scenario, indicat-
ing the most dictating scenario in the optimisation process. In our study, the molar 
bite scenarios were the most dictating. After the topology optimisation was finished, 
resulting in an optimised implant within the provided design space and sufficient 

Table 2 | The cross-sectional areas (CSAs) that were determined from the MRI together with the specific 
muscle forces that were calculated using the intrinsic strength value (37 N/cm²) taken from the literature24. 

Muscle
CSA  [cm² ]

Muscle force  [N] 
F = 37 * CSA

R L R L

Masseter superficialis 4,1 3,6 152,4 134,3

Masseter profunda 2,1 2,3 78,4 86,2

Pterygoideus medialis 3,2 3,0 118,8 111,0

Temporalis 5,8 5,4 214,6 198,3

Table 3 | The three-dimensional force vectors that were used for the cyclic test were translated from the 
PS MRI measurements (Table 2). The muscle forces were broken down into x, y and z components for both 
lateralities of the masseter superficialis (MS) and masseter profunda (MP), pterygoideus medialis (PM) and 
middle temporalis (TM) muscles. The Frankfurt horizontal plane (FHP) functioned as the x–z plane, with the 
positive x-axis pointing towards the left side of the mandible,  the positive y-axis pointing cranially, and the 
positive z-axis pointing anteriorly. The origin of the coordinate system was set where the mid-sagittal plane 
coincided with the FHP.

MS MP PM TM

R L R L R L R L

Pa
ti

en
t 

sp
ec

ifi
c 

C
yc

lic
 te

st

15 degrees 
molar

x -82,4 64,5 -24,1 23,9 57,1 -51,3 -73,3 73,8

y 125,5 116,6 69,9 79,5 95,2 83,7 198,1 180,6

z 25,9 17,0 26,1 23,4 42,3 51,9 -37,9 -35,8

F.res 152,4 134,3 78,4 86,2 118,8 111,0 214,6 198,3
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for all 12 loading scenarios, the optimised structure was exported to the 3-Matic 
15.0 software (Materialise, Leuven, Belgium) in STL format. Within 3-Matic, the 
design was optimised for 4-axis milling and finalised for manufacturing (Figure 1). 
Two identical implants were milled by Witec Medical (Stadskanaal, The Netherlands) 
from ZELLAMID® 1500 X PEEK (Senova, Uttendorf, Austria). The corresponding 
mandibular segments were manufactured and assembled to the PEEK implant us-
ing 2.7 mm ThreadLock locking screws (KLS Martin, Tuttlingen, Germany) before 
undergoing the static and cyclic mechanical testing (Figure 2). 

Mechanical testing apparatus
As commercially available synthetic mandibles were developed for surgical training 
purposes, their mechanical properties deviate substantially from human bone, by a 
factor of 10-2015. Also, they are not manufactured patient-specifically, we found them 
to be unsuitable for our experiments. In order to allow for mechanical testing with 
PS shaped mandibles, we chose to develop a synthetic bone substitute. A mechanical 
tensile testing apparatus was developed for this purpose, the mandibular uniaxial 
compression testing apparatus (MUNACAPP) device shown in Figure 3. The device 
mimics the mandibular elevator muscle forces in a simplified manner by means of 
one resulting force, which is applied to both mandibular angles, and is the most 
commonly found mandibular testing setup in the literature15, 30-33. Even though this 
is an oversimplification of the anatomical situation, it provides easily comparable data 
due to its minimalistic setup. 

In order to carry out more anatomically correct loading experiments of the patient-
specific mandible and corresponding muscle model, a mandibular dynamic bite simu-
lator (MANDYBILATOR) apparatus was developed in-house. As the most common 
type of mandibular mechanical testing setup is oversimplified, as mentioned before, 
we decided to develop an apparatus that allows for individual mandibular muscle ori-
entation and activation, thereby accurately mimicking the specific patient or subject’s 
biomechanical situation. Eight elevator muscles were assigned to the current experi-
ment: the masseter superficialis and masseter profunda, and the pterygoideus medialis 
and temporalis muscles from both lateralities. The pterygoideus lateralis muscles 
were not included as both condyles were not mobile in this experiment. Each muscle 
direction and force could be replicated by electro-pneumatically controlled muscles, 
which consisted of a bellow component (Festo, Esslingen am Neckar, Germany) and 
a load cell to measure the individual muscle forces. Aramide ropes, connecting the 
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artificial muscles to the muscle insertions, were glued to each muscle insertion area on 
the mandible, corresponding to the MRI data and FEA model. Both condyles were 
supported by artificial glenoid fossae, which were 3D printed polyamide cups (PA12, 
Oceanz, Ede, the Netherlands) with an imprint of the condyle connected to a seesaw 
construct to preserve the force direction. At the other end of the seesaw constructions, 
two load cells were applied to measure the resulting condylar forces. The mandible 
was constrained in the dental arch by means of a 3D printed (PA12) cup fixed to a 
sling around the alveolar process. Another load cell was applied to this sling, enabling 
bite force measurements. The sling could be positioned throughout the dental arch to 
accommodate for, e.g., incisal, canine, premolar or molar bite positions. The device 

Figure 2 | One of the milled PEEK implants together with the In-VitroBone synthetic mandible. This sample 
was used for static testing on the MUNACAPP apparatus. The lower right image gives a good view of the 
two strategically placed screws.
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could be deployed in both a static and a dynamic manner, enabling cyclic or fatigue 
testing. 

A small series of fresh frozen human cadaveric mandibles were harvested, CT-scanned 
and frozen again. Using the CT images, synthetic, In-VitroBone clone mandibles 
were created. Tensile experiments were performed on the MUNACAPP apparatus 
by loading both the cadaveric mandibles and their synthetic In-VitroBone clones in 
the exact same manner. During the experiments the tensile force and corresponding 
vertical displacement as well as displacement at the pogonion and external oblique 
line of each mandible were measured and recorded. We found that the In-VitroBone 
mandibles failed within 1.5 percent of the ultimate tensile force of their cadaveric 
mandibles. Due to its lower Young’s modulus of elasticity, the In-VitroBone tended 
to deform more prior to failure, as it was slightly less stiff than the anatomical man-

Figure 3 | A picture of the MUNACAPP apparatus ready for static uniaxial compressive testing of a cadaveric 
mandible.
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dibular construct. This feature we were willing to accept as it introduced a worst-case 
scenario by loading the implant in a less favourable manner than the cadaveric bone. 
Figure 4 shows the MANDYBILATOR apparatus.

Validation of the apparatus
Directly after setting up the MANDYBILATOR apparatus with the PEEK implant 
reconstructed synthetic mandible test sample (see Figure 5), all the actuating muscle 
forces together with the resultant forces on both condyles and the bite force were 
measured to validate the apparatus. This was done in both a static and cyclic setting. 
A three second ramp load was recorded for static validation of the individual muscle 
forces and the resulting forces on both condyles and the molar bite position. All the 
recorded forces were then compared to their targets, i.e., the muscle forces that were 
inputs for the FEA model of the dynamic test situation (Table 2) and the resulting 
forces on both condyles and the molar bite position that were the results of this FEA.

Subsequently, a cyclic validation test was performed at a frequency of 1 Hz., the 
frequency of the dynamic experiment. In this test, the bite force and both condylar 
forces were measured and compared to the results of the matching predictive FEA. 

Figure 5 | Close up of the PEEK reconstructed mandible places inside the MANDYBILATOR apparatus, ready 
for cyclic testing. 
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This test was repeated directly after the initial experiment had finished, at 500,000 
cycles, the equivalent number of chewing cycles with considerable bite force during 
approximately two years of in-vivo use13. 

Experiments
Two experiments, one static and one dynamic, were designed to assess the durability 
of the PEEK implants. The static ultimate performance experiment was performed 
first on the MUNACAPP apparatus. Three intact mandibles (n=3) and three exact 
duplicates with the continuity defect (n=3) were all manufactured from In-VitroBone. 
The continuity defects were reconstructed with the topology optimised PEEK implant 
and 2.7 KLS screws prior to testing in the static setup. The device was adjusted so that 
the mandibles rested on both condyles and the incisal position on the alveolar process 
was in an approximately occlusal orientation. A self-balancing round bar (D= 32 
mm) was used to apply the vertical resultant muscle force to both mandibular angles 
equally. A pre-load of approximately 30 N was applied prior to each experiment. The 
load was gradually increased by approximately 17 N per second until failure occurred. 
Throughout the experiments, the applied vertical load (N) and displacement (mm) 
were registered together with linear displacements at the pogonion and mandibular 
lateral oblique line (mm). The applied force was registered by an S-type load cell 
while the displacements were measured through linear potentiometers. The ultimate 
load at failure was used as a measure of the mandible’s strength while the ultimate 
displacements provided an insight into the stiffness of the mandible. 

Subsequently, cyclic performance experiments were performed on the MANDYBILA-
TOR apparatus, which had been developed in-house for this specific purpose. Another 
PEEK reconstructed In-VitroBone mandible was positioned in the occlusal orienta-
tion and the muscle vectors were adjusted in conformation with the vectors listed 
in Table 1 under Occlusion, MRI CSAs. The bite position was set to the right molar 
position at 15 degrees of mouth opening, as, according to the topology optimisation 
study, this represents the worst-case out of the 12 loading scenarios. The load was set 
to fluctuate from nearly 0 N to the subject’s full bite capacity, as shown in Table 2, 
which is a semi-PS muscle model based on the subject’s MRI CSAs, muscle directions 
and the intrinsic strength value of 37 N/cm² 24. This resulted in the force components 
presented in Table 3. The load frequency was set to 1 Hz with 800 ms of ‘muscle’ 
activation, followed by 200 ms relaxation, for a maximum number of 500,000 cycles, 
which is in agreement with the experiments performed by Lang et al.16. According to 
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Schupp et al., this is equivalent number of chewing cycles with considerable bite force 
during approximately two years of in-vivo use13. All the inserted screws were marked 
using a marker prior to the dynamic experiment, allowing for the observation of early 
stage screw loosening. As the PEEK implant covered the insertion site of the master 
superficialis muscle, this muscle was not attached during the dynamic experiment in 
the MANDYBILATOR apparatus.

The cycle at which the reconstruction failed mechanically, irrespective of whether the 
cause was implant failure or screw loosening, was considered the final failure cycle. 

Data collection and outcomes 
The data was collected by an Arduino Mega microcontroller (Arduino, www.arduino.
cc, accessed on 18th of April 2023) and written into a .CSV file in real-time. The 
program measured at a frequency of 10 Hz. and was programmed to loop 100 mea-
surements followed by 900 skipped measurements, to maintain an acceptable file size.

RESULTS

Validation of the MANDYBILATOR apparatus
The ramp load, applied for static validation of the MANDYBILATOR apparatus, 
showed that all the set-up muscle forces lay within 1% of their target values, as de-
picted in Table 2. Figure 6 visualises this static validation. 

The cyclic validation, performed both directly prior to and subsequently after the 
500,000 cycles dynamic experiment, shows that the resulting forces on the bite posi-
tion and both condyles, as measured in the MANDYBILATOR apparatus, resemble 
the FEA predicted values well. Prior to the 500,000 cycles dynamic experiment, the 
MANDYBILATOR showed forces of 139.2 N, 211.5 N and 468.3 N while the 
outcomes of the FEA predicted 150.6 N, 217.2 N and 475.2 N for the right condyle, 
left condyle and molar bite force respectively. This translates to an error of 6%, 2% 
and 0% respectively, between the FEA predicted values and experimentally measured 
values. Figure 7 visualises these results.

Directly following the dynamic experiment, the MANDYBILATOR measured forces 
of 154.1 N, 207.5 N and 450.3 N after 500,000 cycles for the right condyle, left 



173

Chapter 8

Fi
gu

re
 6

 | 
Vi

su
al

is
at

io
n 

of
 th

e 
ra

m
p-

lo
ad

 u
se

d 
fo

r t
he

 s
ta

tic
 v

al
id

at
io

n 
of

 th
e 

M
A

N
D

YB
IL

AT
O

R 
se

tt
in

gs
. T

he
 h

or
iz

on
ta

l l
in

es
 in

di
ca

te
 th

e 
co

rr
es

po
nd

in
g 

ta
rg

et
 v

al
ue

s 
pe

r 
m

us
cl

e.



174

Chapter 8

Fi
gu

re
 7

 | 
 V

is
ua

lis
at

io
n 

of
 th

e 
lo

ad
 c

el
l o

ut
pu

ts
 o

f b
ot

h 
co

nd
yl

ar
 fo

rc
es

 a
nd

 th
e 

m
ol

ar
 b

ite
 fo

rc
e,

 g
en

er
at

ed
 b

y 
al

l t
he

 in
di

vi
du

al
ly

 a
ct

ua
te

d 
el

ev
at

or
 m

us
cl

es
 o

f t
he

 M
A

N
-

D
YB

IL
AT

O
R 

ap
pa

ra
tu

s. 
Th

e 
ho

riz
on

ta
l l

in
es

 re
pr

es
en

t t
he

 c
or

re
sp

on
di

ng
 fo

rc
es

 th
at

 w
er

e 
de

riv
ed

 fr
om

 th
e 

FE
A

.



175

Chapter 8

condyle and molar bite force, respectively. This indicates that the consistency of the 
MANDYBILATOR apparatus over 500,000 cycles lies within 10%.

Static experiments
The three intact synthetic In-VitroBone mandible clones that functioned as baseline 
samples in the static test experiments, all showed similar failure modes as in all cases 
the condylar neck (2x right, 1x left) failed under the ultimate load. Failure occurred at 
1309 N, 1114 N and 1380 N for samples 1, 2 and 3, respectively.

The topology optimisation procedure objectively removed only one of the 23 sug-
gested screw positions. The remainder six ventral and 16 dorsal screws were used 
for the first two static PEEK reconstructed mandible tests samples. This resulted in 
ultimate failure at 1108 N for PEEK sample 1 and 1094 N PEEK sample 2. It was 
then decided to only use four of the 16 dorsal screw positions in the third sample as 
this, clinically, would be a more reasonable number. PEEK sample 3 performed the 
best, failing at a load of 1212 N. In all three samples, the right condylar neck was the 
point of failure and the PEEK implants remained intact.

This resulted in a mean failure load of 1268 N (R:1114 – 1380 N) for the intact 
mandible samples and 1138 N (R:1094 – 1212) for the PEEK reconstructed samples. 

The deformation of all six samples, three intact In-VitroBone mandibles and three 
PEEK reconstructed In-VitroBone mandibles, was measured at three corresponding 
points, i.e., the z-displacement of the force actuator, the external oblique line on the 
left side of the mandible and the pogonion. This resulted in a mean z-displacement 
of 3.36 mm (R:3.32 - 3.42) and 3.45 mm (R:3.27 - 3.81) for the intact and PEEK 
reconstructed In-VitroBone mandible samples respectively. The external oblique line 
measurements showed a mean displacement of 2.95 mm (R: 2.89 - 3.03) and 2.56 
mm (R: 2.15 - 3.08) for the intact and PEEK reconstructed samples respectively and 
mean pogonion displacements of 2.98 mm (R: 2.25 - 3.62) and 2.96 mm (R: 2.39 
- 3.42) for the intact and PEEK reconstructed samples respectively. Table 4 shows 
all the separate sample measurements. In Figure 8, all the displacements are plotted 
against the compression force actuated in the z-direction. 
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Dynamic experiment
Regarding the fatigue experiment, it was decided to use only four out of the 16 screw 
options in the left ramus of the mandible as this appeared sufficient for the static 
experiment and also to stay close to the clinical situation. The PEEK reconstructed 
mandible survived the cyclic experiment and did not fail prior to the goal of 500,000 
maximum molar bite force cycles, the equivalent of at least two years of in-vivo use. As 
the construct was still intact after the planned 500,000 cycle experiment had finished, 
it was decided to continue the experiment until failure occurred, or for1 million 
cycles. The experiment was stopped at 1.1 million cycles with no failure occurring 
or any visual signs of crack formation or screw loosening, as no rotation of the screw 
markings was observed.

Table 4 | The results of the static uniaxial compression testing of the PEEK reconstructed In-VitroBone man-
dibles versus the intact In-VitroBone samples on the MUNACAPP apparatus. The ultimate compression 
force at failure was recorded together with the linear displacements at three points of the mandible: the 
z-displacement, which is the displacement of the load actuator, the external oblique line and the pogonion. 

Sample Intact PEEK

Force [N] n1 1309 1108

n2 1114 1094

n3 1380 1212

mean 1268 1138

Z-displacement [mm] n1 3,32 3,27

n2 3,42 3,27

n3 3,33 3,81

mean 3,36 3,45

External oblique line [mm] n1 2,93 2,45

n2 2,89 2,15

n3 3,03 3,08

mean 2,95 2,56

Pogonion [mm] n1 3,07 3,42

n2 3,62 2,39

n3 2,25 3,08

mean 2,98 2,96
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DISCUSSION

This study revealed that a topology optimised PEEK PSI for the reconstruction of 
large continuity defects can withstand the in-vivo loading of the mandible and can 
act as a substitute for titanium plates in the reconstruction of continuity defects of 
the mandible.

Our static experiments show that the ultimate strength of the In-VitroBone man-
dibles that were reconstructed with the PEEK implant are comparable to the unre-
constructed intact In-VitroBone mandibles. All the PEEK implants remained intact 
and the failure mechanism of the PEEK reconstructed mandibles was the same as in 
the intact non-reconstructed samples. In all cases, the condylar neck fractured under 
ultimate load. The dynamic, or cyclic, fatigue test we performed indicates that the 
PEEK implant is able to withstand multiple years (at least four/five years) of maxi-
mum in-vivo loading13, 34, which can be considered as clinically a long term, beyond 
the phase where most RPs fail4.

To the best of our knowledge, only one other study has reconstructed a mandibular 
continuity defect using a PEEK implant13. In that study, however, the implant shape 
was directly copied from a titanium plate and therefore not specifically designed to 
function when manufactured from PEEK. As a result, they observed implant failure 
occurring at a mean force of 592 N as opposed to a mean of 1138 N observed with the 
PEEK implant reconstructed mandibles in our current study. Lommen et al.’s cyclic 
loading study13 is in line with a number of studies presented in the literature30-32. 
They applied 300 N distributed over both mandibular angles for 250,000 cycles 
without implant failure. This load of 300 N, however, is not a realistic worst-case 
scenario representation of the in-vivo loading of the mandible. As we wanted to test 
our PEEK implants under the patient’s physiological maximum load, we applied the 
PS muscle model obtained from MRI to the PEEK reconstructed mandible in our 
MANDYBILATOR apparatus. When mathematically converted into a single load at 
both mandibular angles to enable comparisons with, e.g., Lommen et al.’s study13, the 
load of our dynamic experiment was equivalent to approximately 798 N applied to 
the angles. This resulted in a bite force of 443 N at the molar position, much higher 
than can generally be clinically expected from an edentulous patient35.
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As topology optimisation was applied to optimise the implant shape to the PS load 
conditions and PEEK’s material properties, we could easily input and combine a 
number of load conditions. We used twelve different load scenarios to mimic the 
mouth opening and the bite positions throughout the dental arch. Topology optimi-
sation is relatively new to the field of reconstructive implant design, especially in Oral 
and Maxillofacial surgery, but shows excellent potential for this application14, 32, 36, 37. 
A great part of the otherwise subjective design process can be approached objectively 
and, using the correct PS inputs, e.g., muscle forces, directions and locations, leads to 
truly matching PS implants. 

With the above in mind, we tried to objectify the otherwise subjective positioning of 
the implant screws. By adding a large number of screws (23), we expected the topol-
ogy optimisation procedure would get rid of marginally loaded screw connections to 
the implant. This only worked in the front segment however, leaving 16 screws in 
the dorsal mandibular segment as the topology optimisation procedure had distrib-
uted the loads over all the potential screw positions. After manufacturing the PEEK 
implants and carrying out the first two static ultimate load tests, we only applied the 
four highest loaded screws to the third static test, according to our FEA analyses. This 
proved to be sufficiently strong, as this sample attained the highest ultimate load of 
all the PEEK samples in the static experiments. Therefore, we decided to perform our 
dynamic testing in line with this last static experiment and only used four screws in 
the dorsal mandibular segment, as it would represent the clinical situation realisti-
cally. Two screws proved important to the total strength and success of the PEEK 
reconstruction. The ‘Bookshelf ’ screw, as we presented in earlier research19, together 
with the new ‘dual-locking screw’, which locks into the implant on both the buccal 
and lingual side of the mandible, play a role in the implant’s resistance against medial 
flaring of the left mandibular segment, as an effect of partial removal of the masseter, 
and the overall torsion of the mandible under load. Connecting screws to mandibular 
implants on both buccal and lingual side has been performed in the past but this has 
been associated with bone resorption around the screw and ultimately loosening 20, 21. 
The main difference between these old applications of buccal bolts which were fixated 
lingually with nuts and our new ‘dual-locking’ principle, is that we added locking 
threads to both the buccal and lingual side of the implant, making it impossible for 
the screw to squeeze the mandible and initiate pressure related resorption.
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The use of quasi-dynamic load scenarios to cover a range of bite positions and loading 
situations throughout the opening of the mandible in a FEA and subsequent topology 
optimisation appears to be an improvement over single static scenarios. In the cur-
rent study, we applied different mouth opening positions and different bite locations 
in order to mimic the dynamic in-vivo bite options. By doing so, we found that 
the worst-case scenario, i.e., the scenario that influenced our PEEK implants design 
the most, was the molar bite due to amount of torsion this loading introduces into 
the implant in lateral continuity reconstructions. We therefore translated this load 
scenario to the dynamic cyclic test experiment.

As the subject of our exemplar case was already deceased, we could not determine 
the PS muscle model entirely conform our previously published protocol22 due to 
lacking bite forces measurements. therefore, we chose to apply a slightly different 
muscle model to the FEA and subsequent topology optimisation, as was described 
in the Methods section. We used the PS MRI based muscle insertions and direc-
tions and combined these with the muscle forces from Langenbach and Hannam’s 
study23 to form a hybrid-muscle model, as these muscle forces are often reproduced 
in the literature as the input for FEAs of the mandible. Since we had tested intact 
In-VitroBone mandible samples to ultimate compression capacity, we were now 
interested in the equivalent compression force of this hybrid-muscle model, when 
translated to the MUNACAPP apparatus setup which we used for our static experi-
ments. We found the equivalent compression force of 1364 N would represent our 
hybrid-muscle model. Comparing this value to the results of our static compression 
tests on the intact mandible models confirmed our expectations as two out of the 
three intact In-VitroBone mandible models had already failed, at 1268 N mean, prior 
to reaching the full force capacity of this hybrid-muscle model, with muscle forces 
taken from literature. This, together with the aforementioned ultimate strength of 
the In-VitroBone synthetic clones that matched the cadaveric mandibles within 1.5 
%, indicates that the muscle models that are often reproduced in the literature and 
taken as input for mandibular experiments are not universally applicable and might 
drastically overestimate the specific patient’s muscle model. This might be an obvious 
statement but it plays a big role in the underestimation of, e.g., PEEKs potential as a 
material for reconstructive implants.

According to van Kootwijk et al.32, it is very challenging to mimic the in-vivo three-
dimensional loading configuration of the mandible and simplifications are, therefore, 
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needed. This appears to be a popular conception in the literature, as performing uni-
axial compression experiments on mandibles appears to be the golden standard15, 30-33. 
In such simplified experiments, the mandible is generally placed on condylar supports 
while supporting a point of preference in the dental arch. A bar is used to apply a 
compression force to both mandibular angles to represent the effect of all jaw elevator 
muscles. By doing so, however, all the individual effects that the separate muscles have 
on the mandible, and possible implant, are ignored. For example, the mediolateral 
force equilibrium, that exists between the mediolateral force components of the mas-
seter and medial pterygoid muscles, is disturbed upon removal of (a part) of either of 
the muscles. In the literature, the effect of muscle removal on the resection side of the 
mandible is generally approached by offsetting the load distribution on the left and 
right mandibular angles. As this only changes the force distribution in predominantly 
the cranial-caudal direction, it does not mimic the mediolateral imbalance on the 
mandibular ramus. Therefore, we decided to develop a novel and more complex 
testing apparatus that allows one to add all the patient-specific elevator muscles and 
provides information beyond the oversimplified and generally accepted gold standard 
setup. The dynamic experiment successfully reached its target cycle count of 500,000, 
and the MANDYBILATOR apparatus showed no signs of failure and exorbitant wear. 
As mentioned in the results section, the resultant forces at both condyles and at the 
molar bite location did not deviate more than 10% from the initially setup values, 
which we consider consistent considering the number of influencing components 
and sensors. The 500,000 cycles target of the dynamic experiment was based on the 
highest number of cycles we found in the literature for mandibular testing16. The bulk 
of the cyclic experiments, generally using the aforementioned oversimplified uniaxial 
setup, ran up to a maximum of 250,000 cycles15, 30-33 but the rationale behind this 
number of cycles was not presented. We expect this number was taken from a study 
in which the duration of the experiment was based on stress-strain curves for titanium 
or another metal in combination with a specific loading force. As we were not test-
ing a metallic implant in the current study, we decided to use 500,000 as the target 
cycle count and even let the experiment continue to well past 1 million cycles (1.1 
million). As already mentioned, this represents at least four to five years of maximum 
in-vivo loading13, 34, where every moderate bite was assumed to represent the patient’s 
maximum bite capacity. This is not the more likely scenario as the greatest amount of 
time is usually spent on chewing at lower pressures and higher pressures are only used 
for brief periods38. 
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Within these four to five years, according to Maurer et al.4, it is likely that if screw 
loosening were to occur in a reconstruction, it would have occurred already, within 
the first six months postoperatively. Also reconstruction plate failure due to metallic 
implants fracture generally occurs already within the first one to five years postopera-
tively2, 5.

As PEEK has a number of derivatives within the PAEK family as well as compos-
ites39-41, future work should aim to revaluate our choice for applying PEEK in this 
study and focus on gathering insights on the biological response of the hard and soft 
tissues to the implanted PAEK (composite) implant of choice. Cell adhesive potentials 
and antibacterial properties should be explored as we think these are important in the 
prevention of and coping with dehiscence of the reconstructions of continuity defects 
of the mandible. Furthermore, the effect of the implant-surrounding tissues on the ir-
radiated implant after radiotherapy remains unknown and should be explored as well. 

Conclusions
As hypothesised, a full PEEK PS implant obtained through thorough finite element 
analysis and subsequent topology optimisation, and provided with strategically placed 
screws, can withstand comparable forces to that of in-vivo loading of the mandible. It 
has the mechanical potential to act as a substitute for the current titanium plates used 
in the reconstruction of continuity defects of the mandible. This may potentially lead 
to optimised patient-specific reconstructions, with the implants matching the bone’s 
stiffness and possessing radiolucent properties which are useful for radiographic 
follow-ups and radiotherapy. Furthermore, the addition of the dynamic/cyclic MAN-
DYBILATOR apparatus to the common (static) uniaxial mechanical testing setup 
allows for more realistic application of the in-vivo loading of the mandible and can 
provide added insights in biomechanical behaviour of the mandible.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

This thesis describes both the development and implementation together with the 
evaluation and optimisation of 3D-virtual surgical planning (VSP) workflows and 
corresponding patient-specific implants (PSI) for oral and maxillofacial surgery 
(OMFS) purposes. The general aim was to optimise the first generation of digital PSIs 
and to implement a next level of patient-specificity to match the receiving patients’ 
anatomy and physiology more closely.

The research in this thesis was carried out in order to:
•	 Recognise and resolve current mechanical failure principles in conventional and 

patient-specific implants (Chapters 2 & 3).
•	 Develop and validate a first generation of patient-specific Groningen TMJ-TJR 

prostheses and reconstruction plates (Chapters 3-5).
•	 Optimise the Groningen TMJ-TJR (Chapter 6).
•	 Suggest novel techniques to enable the development of the next generation of 

patient-specific implants and prostheses (Chapters 6-8).
•	 Present an in-vitro workflow to validate finite element models of the mandible and 

implants that were based on such models (Chapter 8). 
•	 Develop and mechanically validate a non-metallic load bearing PEEK PSI for the 

reconstruction of large mandibular defects (Chapter 8).

Implementation of the above has led to improved 3D-VSP and subsequent improved 
placement accuracy PSIs and temporomandibular joint total joint replacement (TMJ-
TJR) prostheses. The presented workflows enabled a higher level of tailoring of the 
PSIs and prostheses. Validation devices and workflows were also developed to enable 
the implementation of this improved tailoring after the current Ph.D.-thesis has been 
completed.

Oncological / Head and neck reconstructive surgery
Resection of the mandible, leading to continuity defects, is part of ablative surgery 
in the treatment of oral malignancies with bone ingrowth. The primary concern is 
to restore continuity of the remaining bone segments in the right orientation and 
to create a mechanically stable situation that allows for postoperative loaded oral 
function during mastication. These concerns have proven to be challenging, as was 
observed with conventional reconstructions using osteosynthesis materials (OSM) in 
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the last century, as described in Chapters 2 & 3. Intraoperative determination of the 
correct three dimensional orientation of the mandibular segments after a resection 
was challenging, resulting in suboptimal relationships between both the remaining 
mandibular segments and/or the remaining maxilla. The mechanically unstable re-
constructions failed over time due to either screw loosening or plate fracture. The 
subsequently introduced of patient-specific reconstruction plates (PS-RPs), together 
with guided surgery, addressed both issues. We observed that most of the PS-RP’s 
presented in the literature, are basically designed as a strip-like plate, positioned and 
fixated on the buccal contour of the mandible1-6, which was found to be mechanically 
unfavourable in Chapter 3 and, though not presented widely in the literature, could 
fail mechanically2, 3, 7. In Chapter 3, an alternatively shaped and fixated PS-RP, the so 
called ‘bookshelf-plate’, was presented and validated through finite element analysis 
(FEA). It should be mentioned that this type of PS-RP was and will only be considered 
for patients who are unfit to undergo reconstruction with a free vascularised bone flap, 
e.g., a fibula, due to the poor quality of the donor site vascularisation, an impaired 
medical condition or refusal to undergo major free vascularised bone flap surgery. This 
PS-RP design proved to be mechanically superior to the traditional straight plates that 
require manual contouring. The VSP and guided surgery procedure that was designed 
and presented in Chapter 3 was validated by means of the accuracy of the implanta-
tions. It proved to be very effective with an Euclidean accuracy of approximately 1.5 
mm, emphasising the value of the combination of VSP, guided surgery and PSIs. 
The addition of the ‘bookshelf-plates’ and their accompanying ‘bookshelf-screws’, 
resulted in nihil screw pull-out inducing micromotion at the bone-implant interface, 
an improvement compared to the traditional straight plates. Also, the stresses were 
relatively low due to the ‘bookshelf-screws’, thereby making screw loosening and plate 
fracture less likely.

Another concern when reconstructing a mandibular (continuity) defect is the effect 
of the fixated implant on the biological equilibriums in the mandible. Stress-shielding 
for example, may develop postoperatively and can, over time, make an initially well 
reconstructed mandible fail mechanically. Stress-shielding is the disturbance of the 
bone-formation equilibrium, often referred to with Frost’s ‘mechanostat’8, 9 and is 
caused by implants being too stiff compared to the neighbouring bone it is fixated 
to. This results in an under-straining of the bone which subsequently leads to bone 
resorption and ultimately loosening of the implant. The current generally accepted 
materials for load bearing implants are titanium alloys. These alloys have an elastic 
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modulus of approximately 110 GPa whereas mandibular cortical bone remains around 
4-20 GPa10, 11. To date, this discrepancy has not been resolved for such applications. 
The ‘bookshelf ’ PS-RPs presented in Chapter 3 also led, in some cases, to local stress-
shielding although, up to now with a current follow-up period of 4.5 – 6.3 years, 
never to reconstruction failure. According to Maurer et al. 12, it is likely that if screw 
loosening were to occur in a reconstruction, it would occur within the first six months 
postoperatively. Reconstruction plate fracture generally occurs within the first one to 
five years postoperatively13, 14.

During this thesis’ journey, although not part of the study outcome measures, we 
observed that under-contouring of the ‘bookshelf ’ PS-RPs would not exclude dehis-
cence of the titanium alloy implants used to reconstruct large continuity defects of 
the mandible. The intra- and extra-oral dehiscence of a plate is thought to be initiated 
by contraction of the surrounding soft tissues, because of postoperative irradiation of 
the area. Currently, 22 patients have been reconstructed with a ‘bookshelf ’ PS-RP, as 
described in Chapter 3. The initial tension relief we implemented in our ‘bookshelf ’ 
PS-RP design through under-contouring of the implant turned out to be insufficient 
in preventing dehiscence to occur in six cases (27%). There, the tops of the flanges had 
become dehiscent intraorally. This was resolved by reintervention with intraopera-
tive recontouring of the dehiscent part, thereby relieving the soft tissue, up to the 
level where the bone could carry the soft tissue. As plate dehiscence is a well-known 
and reported post-reconstructive complication15-17, occurring in up to 46% cases, 
we think this is not exclusively a design/shape related complication but perhaps a 
material-related issue. Others have postulated that reconstruction of a mandibular 
defect by means of a plate should be accompanied by adequate filling of the defect 
with a voluminous soft tissue flap15. The generally applied titanium alloys are known 
to be biocompatible, can osseointegrate and have been proven for many applications 
inside the body. However, in the irradiated patient, these properties alone do not seem 
to prevent dehiscence from occurring. Perhaps because the irradiated and damaged 
soft tissues do not adhere to the implants, as discussed in the literature15. 

Solutions to this complication should be sought in other implant materials, or at least 
the outer boundary layer of the implant by, e.g., using bio-coatings, or by means of 
reducing the destructive effect of radio therapy on the soft tissues in the reconstruc-
tion site. The latter can, potentially, be realised through, e.g., the use of proton-beam 
irradiation, a rather novel technique which can be applied more locally. What prevents 
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this technique from being applied to patients with a reconstructed continuity defect, 
however, is the amount of metal within the current reconstructions, which can change 
the local dose distribution. Metallic plates have backscattering effects which cause 
overdosage of the tissue in front of and underdosage of the tissue behind the plates, 
and can obstruct the localised proton beams18-20. Again, this results in the need for a 
change of implant material for cases with these indications, or at least for an alterna-
tive to the known metallic reconstructive implants.

Temporomandibular joint replacement surgery
This thesis presents a continuation of the development of the Groningen temporo-
mandibular joint-total joint replacement (G-TMJ-TJR) PS prosthesis. The prosthesis 
was developed according to the Groningen principles, which includes a 15mm lowered 
centre of rotation together with separated translation and rotation sites21. The initial 
product was translated from the stock, confection sized and turned into a PS version 
that could be applied with current techniques, i.e., VSP and guided surgery (Chapters 
4 & 5). The stock version consisted of six components of which four needed to be 
selected intraoperatively based on the patient’s bony anatomy22. A total of 72 possible 
combinations could be realised with all the available confection sized components. 
Drilling of the screw pilot holes and the condylectomy were performed free-hand 
and the end result was only visible when the procedure was finished. The complexity 
of the surgical procedure and the number of individual prosthesis parts, which must 
be perfectly aligned in order to function as planned, make stock TMJ-TJRs prone to 
errors. The work described in Chapter 5 resulted in a design that matches the patient’s 
anatomy perfectly, and a workflow that confines all the dimensional considerations to 
the preoperative VSP. Translation of the VSP to the operating theatre occurs by means 
of surgical guides which are fixated to the hosting bone area to maintain a proper 
inter-screw relationship and to allow for reliable non-orthogonal screw entry points.

Recently, a rapid increase in different TMJ-TJRs, predominantly PSs, has been pre-
sented in the literature. A recent review showed 27 different available prostheses, 
of which 22 were based on the two well-known designs: the custom Stryker-TMJ-
Concepts23 (Ventura, CA, USA) and the stock Biomet-Zimmer24 (Warsaw, IN, USA) 
prostheses25. However, most of these prostheses lack their own validation studies and 
some are placed with the aid of non-screw-fixated surgical guides. Since information 
on the accuracy of TMJ-TJR prostheses placement is lacking and accurate positioning 
of a TMJ-TJR is crucial for TMJ-TJRs to function as planned, we performed a valida-
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tion study in human cadavers with 10 prostheses (Chapter 5) and in the clinical set-
ting with 11 prostheses (Chapter 6). This resulted in a Euclidean accuracy of around 
1 mm (0.8 / 1.1 resp.) for prosthesis placement when the physical positioning was 
compared to the 3D VSP. Accurate positioning of a prosthesis is not only beneficial 
for the initial stability and function of the device but also improves osseointegration, 
enabling long-term stability26, 27. Another important aspect of positioning, which 
is generally overlooked in the literature, is the effect of mispositioning on the wear 
behaviour of the device’s bearing sites. What 23 of the 27 aforementioned prostheses 
have in common is that their articulation occurs between a concave fossa component 
and a convex shaped mandibular component (Figure 1). When positioned perfectly 
according to plan, there is a rather large load bearing area between the two, thereby 
distributing the contact force. However, when marginally misaligned, this large con-
tact area becomes a point contact, thereby increasing the local stress exorbitantly on 
the usually ultra-high molecular weight polyethylene (UHMWPE) material, resulting 
in a seriously reduced wear-life and increased wear particle formation of UHMWPE 
in the joint28, 29. The latter causes a reduced lifetime of such a prosthesis. Based on 
the results of our accuracy studies, and not mentioned in literature, is that, apart 
from these point contacts, an approximate 1 mm accuracy (perhaps more in differ-
ent systems) can result in gaps between the fossa- and mandibular components from 
time to time. When this occurs, there is no back-up solution available for all the 
aforementioned reviewed PS prostheses, except the G-TMJ-TJR, and the unplanned 
gap between the two components remains. Clinically, this could cause malocclusions 

Figure 1 | Schematic examples of two prostheses with a non-spherical/non-matching contact set (A and B) 
at the neo-condyle to fossa component articulation site and the G-TMJ-TJR (C) with a spherical/matching 
contact set. The cross-sectional views illustrate the effect of a marginal shift of the neo-condylar position 
(A′, B′ and C′) relative to the neo-fossa, which results in a point contact (circle) in A′ and B′ and increasing 
material stress. Note that shifting has no influence on the contact in situation C′ 30.
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and or unnatural loading of the mandible. Knowing the accuracy of our Groningen-
TMJ-TJR device placement procedure provided us with the opportunity to add 
interchangeable backup neo-discs. These are 1 and 2 mm higher than the planned 
neo-disc height, thereby preventing gaps from occurring.

The physiological movement of the mandible is complex, with simultaneous rotation 
and translation movements meeting in the TMJ. When performing TMJ-TJR sur-
gery, the condyle, or its remnants, is resected to create space for the artificial joint. By 
doing so, the insertion of the lateral pterygoid muscle on the condyle is lost, thereby 
rendering the muscle, responsible for the translation movement of the mandible, 
inactive. It is reported that following a unilateral TJR of the TMJ, the translational 
capacity of the joint disappears almost completely31, resulting in asymmetrical mouth 
opening movements that deviate towards the prosthetic side. In order to mimic the 
physiological movements of the mandible after TJR, this lost translation should be 
compensated one way or another. Such physiological principles are not present in any 
of the well-known TMJ-TJRs. However, one of the possibilities is to lower the centre 
of rotation (CR) by 15 mm (the Groningen principle) with respect to the anatomi-
cal centre of the condyle, which was included when designing the G-TMJ-TJR. By 
lowering the CR, a pseudo-translation can be created31. Van Loon et al. determined 
that a lowered CR of 15 mm would give the optimal centre of rotation position31. 
However, a 15mm lowered CR did not prove sufficient in the clinical setting for some 
of the patients we provided with a G-TMJ-TJR, and (partial) asymmetry in mouth 
opening remained. Mimicking the physiological mouth movements in TMJ-TJR 
remains challenging and only little effort has been made over the last two decades to 
improve the post TMJ-TJR movements. Since technology has become more advanced 
and easily available since van Loon et al.’s measurements in 1999, we decided to 
develop a method to quantify the mouth opening in patients with 4D imaging and to 
determine the PS’ optimal CR that should be applied in a TMJ-TJR device to restore 
the physiological mouth opening movement. We tested it on 20 patients with healthy 
TMJs and found the mean CR position was lowered by 28 mm rather than 15 mm. 
Implementing a 15 mm lowered CR into the TMJ-TJR device design can, however, 
be challenging in some cases due to disease related anatomy changes, restrictions for 
surgical approaches and limited space in-situ. Therefore, the results in Chapter 6 do 
not appear to be directly applicable to the G-TMJ-TJR prostheses, or to the Stryker-
TMJ-Concepts, the Biomet-Zimmer or any of the other 24 devices presented in the 
literature. A change of concept and, more precisely, a change in the applied kinematic 
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principles within the G-TMJ-TJR prosthesis, or any other future device, is necessary 
in order to comply with all the CRs we determined for the cohort in Chapter 6. 

To conclude the work performed in Chapters 4, 5 and 6, the use of screw-fixed 
surgical guides for the placement of TMJ-TJRs enables highly accurate positioning 
and makes both the surgical procedure and the postoperative function of the TMJ-
TJR prosthesis more predictable. Furthermore, a lowering of the CR compared to the 
centre of the anatomical condyle should be applied in a TMJ-TJR prosthesis in order 
to mimic the physiological mouth opening more closely. When it is not possible to 
measure the CR location patient-specifically, a lowered CR of 15 to 28 mm should 
be applied. 

Finite element model improvement for PSIs
To minimise the lacking PS inputs, which are generally substituted by generic non-PS 
parameters, used in FEA and subsequent in-vitro testing of the mandible, a workflow 
to determine individual muscle models of the mandible for a PS was presented in 
Chapter 7 of this thesis. By combining the available techniques, such as MRI, CT 
segmentation and muscle delineation, and combining them with precisely set up 
bite force measurement experiments, we are now able to determine all the individual 
muscle forces contributing to a patient’s maximum loading situation. As a result of 
this technique, PSIs can now be developed to cope with PS muscle models rather than 
only matching the shape of the bony interface of the mandible. Modelling a patient 
specific system entails perspective and expectations. 

Without a PS muscle model, an engineer must consider the generally highest loads 
found in a population. In case of a highly resorbed edentulous mandible this would 
result in an implant that is able to withstand forces that even the (unreconstructed 
intact) resorbed mandible cannot cope with. In Chapter 7, proof of this concept was 
presented and tested out on two subjects. It already showed the potential deviation 
between individual subjects, which strengthens the case of using PS muscle models 
for PSI development. The variation in determined intrinsic strength values between 
individuals suggest that muscle force, when calculated with Fmuscle = P · CSA [N], is 
not only dependent on the muscle’s cross-sectional area (CSA) but also on the intrin-
sic strength (P). Thus, the intrinsic strength should be determined patent-specifically 
as well. This is in contrast to its use in the literature, where fixed values are gener-
ally used32-36. The main drawback, currently, is the labour intensity of our presented 
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workflow. This still prevents the PS muscle force determination from being part of the 
routine in the clinical setting. By optimising and automating (parts of ) the workflow, 
we intend to resolve this drawback. Furthermore, future work should study a larger 
cohort to provide insight into the variety and range of the intrinsic strength values.

In-vitro validation of the FEA improvements
The bone substitutes, used in mechanical tests to judge an implant’s strength or to 
compare different osteosynthesis materials (OSM) systems, are typically designed for 
surgical skill practice in bone cutting and drilling techniques. The mechanical proper-
ties of such synthetic bones have a mismatch of approximately 10-20 times in elastic 
modulus with the human mandible bone10, 11, 37, 38. As they were never designed to 
mechanically mimic the bone, they should not be used as mechanically correct clones 
of the human mandible in in-vitro testing of implants.

During this thesis, a mechanically correct synthetic bone substitute that can be 
produced patient-specifically and can withstand the physiological loading of the man-
dible was explored. Even though this is ongoing research, we managed to combine a 
material and an internal structure, we call In-VitroBone, that results in a PS synthetic 
mandible which is able to withstand the PS physiological muscle forces while failing 
within a very acceptable 1.5% of the failure force of the matching cadaveric mandible. 
Under this ultimate load, the synthetic mandible deforms more than the matching 
cadaveric mandible but this is an acceptable characteristic for our planned implant 
mechanical testing as it overloads the implants, compared to the cadaveric bone, 
thereby inducing a worst-case loading scenario over the anatomical. This enables 
similar mechanical testing using PS properties as with cadaveric mandibles. However, 
this In-VitroBone mandible also enables destructive mechanical testing with a sample 
size of more than one, which for obvious reasons would not be possible with cadaveric 
material. Furthermore, In-VitroBone, can be used outside the designated anatomical 
laboratories, and is available to any researcher requiring such testing material. The 
mechanical experiments described in Chapter 8 were performed on In-VitroBone 
mandible specimens. 

The experiments described in Chapter 8 for the validation of the polyetheretherketone 
(PEEK) load bearing reconstructive PSI entailed the development of two dedicated 
mechanical testing apparatus. As the most common mandibular test setup in the 
literature uses uniaxial compression testers to apply a load to both mandibular angles1, 
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37-40, we developed a mandibular uniaxial compression apparatus (MUNACAPP) in-
house to enable direct comparison of our results with those found in the literature. 
As mentioned in the Discussion section in Chapter 8, such uniaxial testing setups 
oversimplify the true in-vivo loading of the mandible. In such uniaxial testing, the 
effect of muscle removal on the resection side of the mandible is generally approached 
by offsetting the load distribution on the left and right mandibular angles. As this 
only changes the force distribution in predominantly the cranial-caudal direction, it 
does not mimic the mediolateral imbalance on the mandibular ramus. 

Therefore, we developed a novel and more complex testing apparatus that allows for 
all the patient-specific elevator muscles to be added and provides information beyond 
the oversimplified and generally accepted gold standard setup. This in-house devel-
oped mandibular dynamic bite simulator (MANDYBILATOR) can be used to load a 
mandible both in a static and dynamic setting. It provides the user with the ability to 
apply all the specific jaw elevator muscles to their patient-specific insertion sites on the 
mandible. Perhaps more importantly, the user can easily leave out the specific muscles 
or muscle sections that have been resected. This allows for a more physiologically 
correct simulation compared to the uniaxial compression testing setups. Also, the 
loading of the mandible and its implant during a reconstruction is much closer to that 
seen with in-vivo loading. 

The MANDYBILATOR apparatus was first applied in a long-term dynamic experi-
ment, as described in Chapter 8, where it was set up to cyclically load a mandible 
with PEEK reconstructive PSI for 500,000 cycles. In line with the aforementioned, 
the superficial part of the left masseter muscle was not included in the experiment as 
the reconstructive implant covered its insertion area on the left mandibular ramus. 
After the cyclic experiment had successfully run 500,000 cycles, the individual muscle 
forces and resulting condylar and bite forces were recorded for validation purposes. 
These measured forces at t=500,000 cycles stayed within 10% of the values that were 
determined through the FEA, which we considered very acceptable. Finally, after 
almost twelve days of continuous use with a reconstructed mandible that was loaded 
with the full jaw elevator muscle system’s capacity for every second, we stopped the 
experiment at a total cycle count of 1.1 million, still without signs of failure. This 
indicates both the potential of the new non-metallic PEEK reconstructive PSI and the 
reliability of the MANDYBILATOR apparatus. 
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The combination of a uniaxial compression tester, such as the MANUCAPP device, 
and a dynamic multi-muscle apparatus like the MANDYBILATOR, as presented in 
Chapter 8, provides a thorough insight into the response of the mandible under 
both static and dynamic loading. Although the simple uniaxial compression setup 
provides quick and easily comparable results due to the high level of constraints, it 
does not simulate the effects of the combination of individual muscles on the man-
dible, as found in the MANDYBILATOR. Steering clear of such apparatus because of 
its increased complexity compared to simple uniaxial compression devices is not the 
right rationale to ignore the anatomical complexity and to oversimplify it in in-vitro 
experiments38. 

Non-metallic load bearing PSI
Also in Chapter 8, the non-metallic PEEK reconstructive PSI was presented. This 
implant, designed to reconstruct a large continuity defect of the mandible, was ob-
tained through topology optimisation. Several methods and findings from this thesis 
were combined in order to develop the unique implant. We used considerations from 
Chapter 2 and included two strategically placed screws, of which one was presented 
in Chapter 3. The approach for the PS determination of the individual jaw elevator 
muscle forces, presented in Chapter 7, was used as input for the FEA and subsequent 
topology optimisation. The validation methods and apparatus that were developed 
within this thesis, as presented in Chapter 8, were applied to validate the PEEK 
implant.

With the aid of the methods and tools presented in this thesis, the PEEK reconstruc-
tive implant that we developed as an alternative to the titanium reconstruction plates 
proved to be sufficiently strong to withstand the expected in-vivo loading. Such a 
reconstruction, made from a high performing polymer from the polyaryletherketone 
(PAEK) family, was thought unfit in terms of strength but, knowing now that it can 
actually be used for relatively high load-bearing applications, opens doors for solving 
issues associated with metallic osteosynthesis materials. 

The main advantage of PEEK over titanium and other metallic reconstructive implants, 
being it in combination with or without an osseous graft, lies in its radiolucent char-
acter41, 42. The majority of patients who need a continuity defect reconstruction due 
to a tumour resection receive postoperative radiotherapy, but titanium reconstruction 
plates interfere with the postoperative radiological imaging used for the planning of 
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the radiotherapy as well as with the radiotherapy itself. This interference is caused by 
backscattering and metal streak artefacts. Both the postoperative radiological imaging 
and radiotherapy become suboptimal and less accurate as the signal gets absorbed or 
distorted due to the dense metallic material41 which interferes with the delivery of the 
photons or protons to the target tissues.

A second reason why PEEK and other PAEK polymers might prove useful in (recon-
structive) implant applications is their Young’s modulus of elasticity, which is close to 
that of mandibular cortical bone. As already mentioned in this section and discussed 
in Chapter 8, this characteristic could prevent stress-shielding from occurring in the 
bone neighbouring the implant. 

FUTURE PERSPECTIVES

Topology optimisation 
The PSIs, PS-RPs and PS TMJ-TJRs presented in this thesis were all developed with 
the aid of finite element analysis. This resulted in PSIs that consisted of a PS fit to the 
hosting bone and the designs were virtually tested on mechanical strength. The designs 
in chapters 3, 4 and 5, being fit to the patient’s anatomy and are sufficiently strong, 
however, were subject to several subjective input variables that were chosen by the 
engineer or surgeon. The applied screw positions for example as well as the material 
thickness of the implants were decided manually and were satisfactory upon perform-
ing the FEA. What remained unknown, however, was whether the chosen positions 
and local material thickness were optimal for the specific designs. The tool that was 
used to develop the load bearing non-metallic PSI in Chapter 8 aided in ridding such 
subjective decisions. Topology optimisation (TO), as it is called, is a computational 
method that seeks to optimise the shape or layout of a structure in a given design 
domain, while accounting for physical constraints such as material properties, loading 
conditions, and boundary conditions. The method involves iteratively modifying the 
distribution of material in the design domain in order to obtain a configuration that 
minimises a specific objective function, such as weight or stiffness, that are subject to 
constraints. The optimisation process is often performed using finite element analysis 
techniques. The resulting optimised topology can then be used as a basis for further 
design iterations or for manufacturing the final product.
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In line with this current thesis, TO could be applied in the near future for the op-
timisation of PSIs and TMJ-TJRs, thereby further increasing the amount of patient 
specificity while minimising the amount of subjective input, based on the experience 
of the engineer or the involved surgeon. Instead of mechanically evaluating a human 
design, the design should be the result of a mechanical evaluation. This is possible with 
TO as a large and solid design space can be sculpted into an often organic looking 
structure by the mathematical model behind the TO. Figure 2 shows a topologically 
optimised design for the defect presented in Chapter 8 but, this time, with a titanium 
alloy as the input material.

By applying a TO workflow in Chapter 8, the PEEK polymer material that was 
previously found to be unfit for such high load-bearing applications, proved to be 
sufficiently strong. Applying TO on a larger scale should provide researchers with 
better insight into such alternative materials that, when shaped correctly, might be 
applicable for load bearing implants after all.

Lowered CR and the G-TMJ-TJR
As discussed in Chapter 6, the results obtained through our 4D study, i.e., a mean 
lowered CR of 28 mm, are not directly applicable to any currently available custom or 
stock TMJ-TJRs. This is because both the patient’s anatomy and current surgical ap-
proaches do not allow for the physical positioning of the rotating bulk of TMJ-TJRs 
at this lowered level. The ‘Groningen principle’, a lowered CR of 15 mm, already 
improves the mimicking of the physiological mouth opening over the rest of the pros-
theses that do not allow for such CR lowering, however, in order to further improve 

Figure 2 | An example of a topologically optimised titanium implant for the defect presented in chapter 8. 
The design domain is visualised in green and the final organically shaped topology optimised implant in 
red. The volume and weight of the design domain were reduced by 75 % though topology optimisation.
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the patient’s mouth opening postoperatively, in terms of mimicking the physiological 
movement, the kinematic concept of TMJ-TJRs needs to be changed. As a mere 
physical rotational point at this 28 mm lowered level would not suffice, perhaps a 
combination of the articulating sites is necessary in order to create a ‘resultant’ or 
instantaneous CR that is positioned outside of the rotational part of the TMJ-TJR. 

When a ‘posterior limit’ is introduced posterior to the cranial section of the mandibu-
lar component and rigidly connected to the skull or fossa component of the G-TJ-
TJR, the posterior movement of the mandibular component is locally prohibited. As 
the G-TMJ-TJR already has translational freedom of its neo-disc due to its unique 
separated articulation sites, this ‘posterior limit’ will force the neo-disc to translate 
anteriorly upon mouth opening. This results in a CR that is positioned lower than 
the physical neo-condyle of the G-TMJ-TJR. Figure 3 visualises this concept whereby 
the CR is already approximately 10 mm lower than the position of the neo-condyle, 
resulting in a lowering of approximately 25 mm to the CR when compared to the 
anatomical condyle. 

Figure 3 |  Visualisation of the effect of an additional articulation on the position of the centre of rotation 
(CR) (red) of the mouth opening. When a ‘posterior limit’ (orange sphere) is introduced and rigidly con-
nected to the fossa component of the G-TMJ-TJR, the posterior movement of the mandibular component 
is locally prohibited, thereby forcing the neo-disc (pink) to translate anteriorly upon mouth opening. This 
results in a further lowering of the CR of the G-TMJ-TJR without having to physically move the neo-condyle 
and neo-disc inferiorly.
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Future research should explore this concept and other ways to lower the CR further 
so that it conforms to the PS determined CRs. 

Material selection
The PAEK family, including PEEK and its derivatives, as well as composites, have 
demonstrated biological acceptance. Examples include polyetherketoneketone 
(PEKK) and hydroxyapatite infused PEEK (HA-PEEK), which promotes cell adhe-
sion43, 44. The latter is particularly useful for our application, especially in the case 
of postoperative radiotherapy. The soft tissues around a mandibular reconstructive 
implant may contract after radiotherapy, leading to dehiscence of materials that do 
not play a bioactive role. This is a well-known complication in reconstructive surgery. 
Given the relatively bulky design of our current PEEK implant, it is essential that the 
soft tissues recognize and accept the implant to prevent dehiscence. Therefore, careful 
selection of the appropriate PAEK polymer and composite or surface coating that 
allows for sufficient mechanical strength and stiffness, while promoting cell adhesion, 
is crucial.

Future work should focus on gaining insight into the biological response of both hard 
and soft tissues to the implanted PAEK implant, in light of the necessary reconsidera-
tion of the type of PAEK (composite) used and the existing studies conducted with 
the chosen material. Specifically, research should investigate the cell adhesive potential 
and antibacterial properties of the implant, as these factors could play a crucial role 
in preventing and managing dehiscence of mandibular continuity defect reconstruc-
tions. Additionally, the impact of the implant's surrounding tissues on the irradiated 
implant after radiotherapy remains unclear and requires further exploration.

Metamaterials
A different manner to potentially mitigate the stress-shielding effect while maintain-
ing the current titanium alloys, is to design existing materials in such a shape or 
structure that the bulk of the material shows (mechanical) properties that differ 
from the actual applied material’s45. Such materials are generally called metamateri-
als (MM). MM are engineered materials designed to exhibit properties that are not 
typically found in naturally occurring materials. Using MM, a closer match in elastic 
properties between the implant and the surrounding bone might be obtained and 
the bulk material properties might change throughout implant. This way an implant 
could be engineered to be sufficiently strong and stiff to reconstruct a large continuity 
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defect of the mandible in one part while allowing the bone to be sufficiently strained 
to prevent stress-shielding in other parts of the implant. Figure 4 shows an example 
of this application; our research group is currently focusing on this. The MM designs 
can be accurately 3D printed from e.g. biocompatible titanium alloys but still have 
to prove their function in the experimental setting. Another application of MM for 
(reconstructive) implants could be for areas where certain heterogenous deformations 
would be beneficial, e.g., a cranioplasty that does not interfere with the natural growth 
of a skull in a young child but conforms to it. 

Within our research group and others, the TO, MM and subsequent applicable 
alternative implant material topics are currently being extensively explored37, 41, 45, 46.

Workflow optimisation
The laborious workflows presented in this thesis, coupled with the considerable time 
and effort already required to make 3D designs of the PSIs, makes it nearly unfeasible 
to implement such processes on a large scale, especially for every patient needing a 
PSI. The time spent on obtaining 3D PS muscle models, perhaps applying 4D imag-
ing, setting up FEA studies and applying TO, might be weeks for a single patient. This 
does not fit in with the often urgency of treatment. Therefore, the current workflows 
should be optimised to drastically reduce the amount of time spent on all the steps. 
Where repetitive steps or calculations are performed, scripting might be a helpful tool 

Figure 4 | An example of a metamaterial interpretation of the ‘Bookshelf-plate’ presented in Chapter 3. The 
bone sections neighbouring the reconstruction plate are made up of a lattice structure, providing these 
sections with a lower bulk Young’s modulus of elasticity compared to the solid bridging part of this titanium 
reconstruction plate.
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to consider. Scripting parts of specific sub-workflows, such as parts of the PSI designs 
or even the setup of the FEA within certain boundaries, should be prioritised as script-
ing is a readily available tool in some FEA and CAD software packages, e.g., 3-Matic 
software (Materialise, Leuven, Belgium) and Abaqus (Simulia, Dassault Systèmes, 
Paris, France). Our experience is that time reductions of 75 % for certain design 
workflows with repetitive operations can be established. Another perk that comes 
with scripting (parts of ) the workflows, is its repeatability. As a script will perform 
tasks in a predetermined order, outcomes of multiple iterations of the same (part of 
the) workflow should give the same results. This in turn, makes the work less user 
dependent and less prone to human error as important parameters can be scripted. 

Regarding the determination of the PS muscle model, as presented in Chapter 7, 
vastly expanding the cohort based on the current workflow has priority. When an 
initial large cohort is obtained, the relationships between, e.g., the bony morphology 
and the muscle model, in terms of directions, forces and insertions, could be explored. 
If there is a relationship between multiple factors, this might be useful in terms of the 
prediction of muscle models based on only the shape of a mandible and skull. Such 
a relationship could drastically reduce time as measurements on the patient could be 
performed only partially or left out in toto. 

A tool that could be used to search for such relationships is statistical shape modelling 
(SSM)47. SSM is a computational method used to represent the variation of shape 
within a given population of objects. The method involves capturing the main modes 
of variation in the shape of the objects by analysing a set of training data using statisti-
cal techniques such as principal component analysis. This results in a low-dimensional 
representation of the shape variability, which can be used to generate new shapes 
that conform to the statistical patterns of the training data. Medical imaging is used 
to model anatomical structures and to generate patient-specific models for surgical 
planning and simulation. 

The same approach can be used to explore relationships between mandible and skull 
morphology and the position of the PS CR, as described in Chapter 6. As the main 
target audience of TMJ-TJR might have difficulties with opening their mouth in a 
physiologically correct manner, being able to predict the missing information, i.e., 
the PS CR based on the mandible and skull morphology, rather than determining 
the information from mandibular movement measurements, might be a good alterna-
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tive. As to whether this statistically filled-in information is correct or not, and as to 
whether these statistical tools appear useful for these purposes should, naturally, be 
thoroughly validated.

Since artificial intelligence is becoming more readily available, machine learning 
and deep learning algorithms are currently being presented for applications such as 
auto-segmentation tools in e.g., OMFS48, 49. The time consuming muscle delineations, 
necessary for the determination of the PS muscle model, as presented in Chapter 7, 
for example, could be optimised by means of such algorithms and should be explored 
in the search for a true patient-specific front to back workflow that uses the techniques 
described in this thesis. 

To recapitulate, university medical centres and other implant developers will be in the 
position to offer more objective and more patient-specific PSI designs over the next 
few years because of topology optimisation and the implementation of (semi-)auto-
mated workflows. The latter will also result in the workflows presented in this thesis 
becoming less laborious, which in turn will enable such workflows being deployed 
for every patient that might benefit. Implementing techniques such as topology 
optimisation and metamaterials, and by exploring non-metallic materials for proton 
beam irradiation following mandibular reconstruction, could help in minimising the 
side effects of the treatment, e.g., stress-shielding, dehiscence and soft-tissues damage. 
Such developments, as well as applying 4D imaging to determine PS CRs for use 
in TMJ-TJRs, will increase patient satisfaction due to better, more physiologically 
correct, oral function.

CONCLUSION

The novel approaches for three-dimensional virtual surgical planning and the develop-
ment and optimisation of three-dimensional patient-specific implants and total joint 
replacement prostheses in Oral and Maxillofacial Surgery, presented in this thesis, 
should improve the treatments in terms of predictability, accuracy and better long-
term concurrence between implant and body. This thesis presents novel techniques 
and workflows that can be implemented directly on a larger scale so that the amount 
of patient specificity in the next generation of patient-specific implants and prostheses 
are a true match, not merely due to the fit, but also their in-situ behaviours.
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SUMMARY

This thesis focuses on the development, implementation, evaluation, and optimiza-
tion of 3D-virtual surgical planning (VSP) workflows and patient specific implants 
(PSI) for oral and maxillofacial surgery (OMFS). The studied fields are: head and neck 
reconstructive surgery (Section I) and temporomandibular joint (TMJ) replacement 
surgery (Section II). Section III of this thesis focuses on optimisation and validation 
workflows and intertwines with both aforementioned fields. Current conventional 
osteosynthesis reconstruction plates (RPs) and PSIs are accompanied by complica-
tions, such as, mechanical instability, screw loosening, plate fracture and inaccurate 
positioning. In TMJ total joint replacement (TMJ-TJR) surgery, correct positioning 
of TMJ-TJR prostheses and their movement behaviour are focus areas. The general aim 
of the research described in this thesis was to solve these complications and focus areas 
by means of mechanical reconsiderations, developing patient-specific (PS) solutions 
to be used in guided surgery and optimising current workflows in order to enhance 
the current generation of PS-RPs and TMJ-TJR prostheses by increasing their level of 
patient-specificity, making them more specific to the patient than currently is the case.

Chapter 2 of this thesis focuses on the use of Finite Element Analysis (FEA) of the 
human mandible, used in a biomechanical setting. As FEA can be applied to virtually 
test an implant or mandible mechanical behaviour, thereby reducing time and costs 
when compared to physical mechanical testing. In order to rely on a FEA model, 
however, they should be properly validated for its intended purpose. We found a lack 
of consensus on the input variables required for representative FEA models of the 
mandible. To address this, the literature was reviewed. The analysis revealed that only 
a few FEA models have been validated, and there is significant variation in described 
material properties and FEA approaches. The available validations are not strong 
enough to establish a general consensus concerning the input parameters that should 
be used in order to obtain representative FEA models of the mandible. As a result, 
this chapter concludes that further validations are needed, preferably using the same 
measuring workflow, to obtain insight into the wide range of mandibular variations 
and to establish validated FEA settings.

The mechanical challenges associated with reconstructing mandibular continuity 
defects, resulting from ablative surgery of oral malignancies are addressed in Chapter 
3. The results of conventional reconstructions using stock osteosynthesis reconstruc-
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tion plates are often suboptimal, resulting in mechanical instability, screw loosening, 
and plate fracture. To overcome these issues, patient specific reconstruction plates 
PS-RPs and guided surgery techniques have been introduced, including an alternative 
PS-RP design called the "Bookshelf-plate". The latter was validated in this chapter to 
be mechanically superior to conventional reconstruction osteosynthesis plates. The 
combination of VSP, guided surgery and PSIs appears to be highly accurate, with an 
average Euclidean accuracy of approximately 1.5 mm after implantation. The use of 
"Bookshelf-plates" with the accompanying screws reduces screw pull-out and micro-
motion, leading to lower stresses and a decreased risk of screw loosening and plate 
fracture. However, concerns regarding stress-shielding and plate dehiscence remain. 
Stress-shielding can occur when the implants are stiffer than the surrounding bone, 
leading to bone resorption and implant loosening. This effect is noted with the use of 
titanium alloys, the current standard for load-bearing reconstruction plates. 

To address stress-shielding and plate dehiscence, this thesis suggests exploring alterna-
tive implant materials or incorporating bio-coatings. This led to the description in 
Chapter 8 of an alternative implant developed with a non-metallic material. 

In addition to mandibular reconstructions, this thesis focuses on the development of 
patient-specific (PS) TMJ-TJR prostheses (Chapter 4). Stock prostheses often have 
a suboptimal fit to the hosting bone, require recontouring of the bone and are prone 
to mispositioning. Reported complications related to stock prostheses are mechanical 
instability, malocclusion or suboptimal function. The current available TMJ-TJRs, 
including custom and stock designs, lack validation studies of positioning accuracy. 
Therefore, this thesis presents a PS TMJ-TJR design based on the Groningen prin-
ciples, with a lowered centre of rotation (CR) and separate translation and rotation 
sites. Chapters 4 and 5 show the use of VSP and guided surgery for precise placement 
of the prosthesis, with a Euclidean accuracy of around 1 mm in both a cadaver study 
and a clinical setting.

Chapter 6 adds to the patient-specificity of the newly developed PS Groningen TMJ-
TJR by determining PS lowered CR positions. By lowering the CR, pseudo-translation 
can be achieved which enhances the restoration of physiological mandibular move-
ments after placement of a TMJ-TJR. Temporomandibular joint movements were 
recorded in 20 subjects, without TMJ-related complaints, through four-dimensional 
scanning of the skull and mandible. The mean optimal CR position was lowered by 
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28 mm compared to the anatomical condyle centre. As positioning the CR at a prior 
determined 15 mm lowered position can be challenging in current designs, having the 
ability to implement a lowered CR of 28 mm in TMJ-TJR designs requires a change 
in kinematic principles of TMJ-TJRs but is crucial for restoring natural mouth open-
ing movements. 

In Chapter 7 of this thesis, a workflow is presented to address the limitations of 
using generic non-PS parameters in FEA and in-vitro testing of the mandible. The 
goal was to determine PS muscle models for the mandible, enabling the development 
of PS implants that are dictated by the patient’s specific maximum bite capacity. By 
combining techniques like MRI, CT scanning, muscle delineation, and bite force 
measurements, the workflow provides a comprehensive approach to determine the 
forces exerted by individual muscles on the patient's mandible.

This approach highlights the importance of considering PS muscle models rather than 
solely focusing on the bony interface of the mandible when developing PS implants. 
This chapter demonstrates the potential variation between individual subjects, em-
phasising the need to consider PS muscle models to account for these differences. 
Chapter 7 challenges the conventional practice of using the fixed muscle strength 
values found in the literature by suggesting that intrinsic muscle strength should 
be determined on a patient-specific basis. Studying a larger cohort is expected to 
provide valuable insights into the variety and range of intrinsic strength values among 
individuals.

Chapter 8 describes the limitations of using synthetic bone substitutes for the me-
chanical testing of implants. These substitutes, designed primarily for surgical skill 
practice, do not mimic accurately the mechanical properties of the human mandible. 
To address this issue, the exploration of a patient-specific synthetic mandible, we call 
In-VitroBone, is initiated in this thesis. This current synthetic mandible can withstand 
physiological muscle forces, fails within an acceptable range of forces compared to 
cadaveric mandibles, however, is less stiff. However, it has the advantage of enabling 
destructive mechanical testing with multiple identical samples, which is not feasible 
with cadaveric material. In-VitroBone also provides researchers outside anatomical 
laboratories with a reliable testing material for implant-related studies. For the me-
chanical experiments performed in Chapter 8, In-VitroBone mandibles were used. 
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To evaluate the strength and fatigue resistance of PSIs, Chapter 8 describes two 
mechanical testing apparatus. Although the mandibular uniaxial compression ap-
paratus (MUNACAPP) allowed for direct comparison with existing literature results, 
it oversimplified the in-vivo loading of the mandible. To address this limitation, we 
developed the mandibular dynamic bite simulator (MANDYBILATOR), a more 
complex apparatus capable of loading the mandible in both a static and dynamic 
manner. The MANDYBILATOR takes the patient-specific jaw elevator muscles into 
consideration and allows for the exclusion of resected muscles, thereby providing a 
more physiologically accurate simulation of mandibular loading. Using the MANDY-
BILATOR apparatus, we successfully validated a non-metallic polyetheretherketone 
(PEEK) reconstructive PSI, demonstrating it has sufficient strength to withstand 
the expected patient-specific in-vivo loading. PEEK implants offer advantages over 
metallic implants, such as radiolucency, and their mechanical properties are much 
closer to that of mandibular cortical bone. Using the PEEK material for large load 
bearing reconstructive implants for the mandible was considered impossible but, on 
applying the techniques described in Chapters 6 and 8 we proved, through thorough 
mechanical validation using the MANDYBILATOR apparatus, that such an implant 
is strong enough to withstand the in-vivo static and dynamic loading of the mandible.

General conclusion
This thesis addresses conventional osteosynthesis reconstruction plates and tem-
poromandibular joint total joint replacements, including their complications in oral 
and maxillofacial surgery. Improvements were made by developing patient specific 
alternatives, which were experimentally and clinically validated. Furthermore, by pre-
senting workflows that allow for improvements in the development of patient specific 
implants and temporomandibular joint total joint replacements, and by presenting 
enhanced mechanical testing methodologies, the research presented in this thesis will 
come together in a next, even more patient specific generation of patient specific 
implants and temporomandibular joint total joint replacements.
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SAMENVATTING

Dit proefschrift beschrijft de ontwikkeling, implementatie, evaluatie en optimalisatie 
van 3D virtuele chirurgische planning (VCP) workflows en patiënt-specifieke implan-
taten (PSI) binnen het vakgebied van de mondziekten, kaak- en aangezichtschirurgie 
(MKA-chirurgie). De specifieke aandachtsgebieden zijn: hoofd/hals reconstructieve 
chirurgie bij patiënten behandeld vanwege een kwaadaardige tumor in dit gebied 
(Sectie I) en kaakgewrichtsvervangende chirurgie door middel van gewrichtsprotheses 
(Sectie II). In Sectie III van dit proefschrift worden optimalisatie en validatie van 
de werkprocessen beschreven die aansluiten bij beide eerdergenoemde aandachtsge-
bieden. Huidige conventionele en patiënt-specifieke (PS) reconstructieplaten (RP) 
gaan gepaard met complicaties, zoals, mechanische instabiliteit, schroefloslating, 
plaatbreuk en inaccurate plaatsing. Bij kaakgewrichtsvervangende chirurgie zijn de 
correcte plaatsing van kaakgewrichtsprotheses en het bewegingspatroon aandachtsge-
bieden. Het algemene doel van het onderzoek beschreven in dit proefschrift was het 
verhelpen van deze complicaties en aandachtsgebieden door middel van mechanische 
heroverwegingen, het ontwikkelen van PS oplossingen voor gebruik in ‘guided surgery’ 
en het optimaliseren van de huidige werkprocessen. Dit alles om de huidige generatie 
PS-RP en kaakgewrichtsprotheses te verbeteren door hun mate van patiëntspecificiteit 
te verhogen.

Hoofdstuk 2 van dit proefschrift focust op het gebruik van de eindige elementen 
methode (Eng. Finite Element analysis FEA) in biomechanische analyses van de 
menselijke onderkaak. Hier werd een gebrek aan consensus gevonden betreft de te 
gebruiken input variabelen die nodig zijn voor representatieve FEA modellen van de 
onderkaak. Om dit te verbeteren werd een literatuuronderzoek opgezet. De analyse 
liet zien dat slechts enkele FEA modellen gevalideerd zijn en dat er een ruime variëteit 
is aan toegepaste materiaaleigenschappen van de onderkaak en aan FEA instellingen.

De mechanische uitdagingen gerelateerd aan het reconstrueren van continuïteitsde-
fecten in de onderkaak, ten gevolge van oncologische (ablatieve) chirurgie voor de 
behandeling van kwaadaardige aandoeningen in de mond, worden onderzocht in 
Hoofdstuk 3. De resultaten van conventionele reconstructies, gebruikmakend van 
standaard, niet-PS, osteosynthese reconstructieplaten, zijn vaak suboptimaal, wat re-
sulteert in mechanische instabiliteit, schroefloslating en plaatbreuk. Om deze compli-
caties te verhelpen werden patiënt-specifieke reconstructieplaten (PS-RP) en ‘guided 
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surgery’ technieken geïntroduceerd, inclusief een alternatief PS-RP ontwerp, genaamd 
de ‘Boekensteunplaat’. Deze werd in dit hoofdstuk in-silico en in een klinische setting 
gevalideerd en bleek mechanisch superieur aan de conventionele osteosynthese recon-
structieplaten. De combinatie van VCP, ‘guided surgery’ en PSI blijkt erg accuraat met 
gemiddelde afwijkingen van 1.5 mm tussen de op het beeldscherm geplande situatie 
en de postoperatieve resultaten. Het gebruik van de ‘Boekensteunplaten’ inclusief 
bijbehorende boekensteunschroeven reduceert schroefuittrekking en microbeweging, 
resulterend in lagere spanningen in het materiaal van de plaat en een verminderd 
risico op schroefloslating en plaatbreuk. Echter, het risico op ‘stress-shielding’ en 
dehiscentie, het blootraken van de plaat, blijft bestaan. Stress-shielding kan optreden 
wanneer het geplaatste implantaat beduidend stijver is dan het bot waarop het aanligt 
en kan leiden tot botresorptie en uiteindelijk schroefuittrekking of schroefloslating en 
losraken van de reconstructieplaat. Dit effect wordt opgemerkt met het gebruik van 
titanium(legering), de huidige standaard voor dergelijke zwaarbelaste reconstructie-
platen.

Om de kans op stress-shielding en dehiscentie van de plaat te verminderen wordt in 
dit proefschrift voorgesteld om alternatieve implantaatmaterialen en biocoatings te 
verkennen. Dit heeft geleid tot de beschrijving van een alternatief implantaat dat werd 
ontwikkeld uit een niet-metalen materiaal (Hoofdstuk 8).

Naast onderkaakreconstructies focust dit proefschrift tevens op de ontwikkeling van 
een PS kaakgewrichtsprothese voor gewrichtsvervangende chirurgie (Hoofdstuk 4). 
Standaard, niet-PS, protheses hebben vaak een slechte pasvorm op de kaak en schedel 
en vergen handmatige aanpassingen van het bot voorafgaand aan de plaatsing. Ook 
zijn ze gevoelig voor verkeerde positionering en hieraan gerelateerde gerapporteerde 
complicaties zijn dan ook mechanische instabiliteit, grotere slijtage, malocclusie (het 
niet goed op elkaar passen van de tanden en kiezen in boven- en onderkaak) en subop-
timale functie van de gewrichtsprothese. Het ontbreekt de huidige kaakgewrichtspro-
theses, zowel de standaard als PS, aan validatiestudies van de plaatsingsaccuratesse. 
Daarom wordt in dit proefschrift een PS kaakgewrichtsprothese gepresenteerd die 
werd gebaseerd op de ‘Groningen-principes’, met een verlaagd rotatiepunt en een 
separate translatie- en rotatieplaats. Hoofdstukken 4 en 5 tonen het effect van VCP 
en plaatsing met behulp van individuele boor/zaagmallen, zgn. ‘guided surgery’, in 
combinatie met deze PS Groningen kaakgewrichtsprothese op de plaatsingsaccura-
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tesse. Allereerst in een kadaverstudie en later in klinische toepassing. In beide studies 
werden de kaakgewrichtsprotheses met een accuratesse van rond 1 mm geplaatst.

Hoofdstuk 6 verhoogt de mate van patiënt-specificiteit van de nieuw ontwikkelde PS 
Groningen kaakgewrichtsprothese door het rotatiepunt van de prothese op PS wijze 
te bepalen. Door het verlagen van het rotatiepunt van de prothese ten opzichte van 
de kaakkop kan een pseudo-translatie worden bewerkstelligd waarmee de fysiologi-
sche kaakbeweging na het plaatsen van een kaakgewrichtsprothese beter kan worden 
nagebootst. In 20 proefpersonen zonder kaakgewrichtklachten werd de beweging van 
de onderkaak geregistreerd door middel van een vierdimensionale scan van de schedel 
en onderkaak. Het gemiddelde optimale rotatiepunt lag hierbij 28 mm lager dan het 
anatomische middelpunt van de kaakkop. Omdat het implementeren van een eerder 
beschreven 15 mm verlaagd rotatiepunt in een kaakgewrichtsprothese al uitdagend 
bleek in alle huidige beschikbare kaakgewrichtsprotheses, is een verandering in kine-
matische principes die worden toegepast in kaakgewrichtsprotheses, noodzakelijk om 
een rotatiepuntverlaging van 28 mm te bewerkstelligen. Dit is echter cruciaal voor 
het nabootsen van de natuurlijke kaakbeweging en de functionele uitkomsten na het 
plaatsen van kaakgewrichtsprotheses te vergroten. 

In Hoofdstuk 7 van dit proefschrift wordt een workflow gepresenteerd waarmee de 
beperkingen worden behandeld van het toepassen van generieke, niet-PS, parameters 
in FEA en in-vitro (mechanische) testen van de onderkaak. Het doel was om PS 
spiermodellen voor de onderkaak te kunnen bepalen, waarbij elke afzonderlijke spier-
kracht wordt benaderd. Dit maakt het mogelijk om PSI te ontwikkelen die gedicteerd 
zijn door de specifieke maximale bijtcapaciteit van de patiënt. Door o.a. technieken 
als MRI, CT, spierintekeningen en bijtkrachtmetingen te combineren kwam een 
uitgebreide workflow tot stand die op niet-invasieve wijze de maximale kracht van de 
kauwspieren afzonderlijk benadert.

Deze aanpak benadrukt de toegevoegde waarde van het toepassen van PS spiermodel-
len en niet enkel te focussen op het benige contactvlak bij het ontwikkelen van PSI. 
Dit hoofdstuk laat zien wat de potentiële onderlinge variatie is van spierkrachten tus-
sen individuen, wat de waarde van het PS bepalen van kauwspiermodellen benadrukt. 
Hoofdstuk 7 bekritiseert het conventionele gebruik van vaste spierkrachten die wor-
den gepresenteerd in de literatuur door voor te stellen dat intrinsieke spierkracht op 
PS wijze bepaald dient te worden. Het uitbreiden van het huidige cohort zal inzicht 
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moeten geven in de mate van onderlinge variëteit in de afzonderlijke spierkrachten 
van patiënten. 

Hoofdstuk 8 beschrijft de beperking van commercieel verkrijgbare synthetische 
kaakmodellen wanneer deze worden toegepast in mechanische (implantaat) testen. 
Deze botvervangers, die primair zijn bedoeld voor het oefenen van chirurgische vaar-
digheden, bootsen de mechanische eigenschappen van het bot van de onderkaak niet 
nauwkeurig na. Gedurende dit proefschrift werd een studie geïnitieerd waarin wordt 
getracht om een synthetische botvervanger voor de onderkaak te ontwikkelen (In-
VitroBone) met overeenkomstige eigenschappen als menselijke (kadaver)kaken. De 
huidige versie van deze synthetische onderkaken kan de fysiologische spierkrachten 
weerstaan, breekt bij overeenkomstige belasting als de kadaverkaken die het nabootst 
echter, is minder stijf. In-VitroBone heeft echter ten opzichte van kadavermateriaal als 
groot voordeel dat het identiek te dupliceren is voor experimenten waarbij meerdere 
samples benodigd zijn. Daarnaast biedt het hebben van een mechanisch geschikte 
synthetische botvervanger perspectieven voor onderzoekers die geen beschikking 
hebben over een anatomisch laboratorium waar testen met kadavermateriaal kunnen 
worden uitgevoerd. Voor de mechanische testen die in Hoofdstuk 8 zijn uitgevoerd 
werden In-VitroBone onderkaken gebruikt.

Om de sterkte en bestendigheid tegen vermoeiing van PSI te evalueren werden twee 
testapparaten ontwikkeld. Deze zijn beschreven in Hoofdstuk 8. De mandibular uni-
axial compression apparatus (MUNACAPP) werd ontwikkeld voor het uitvoeren van 
statische experimenten. De uitkomsten van dit apparaat laten zich direct vergelijken 
met die van vergelijkbare appraten die eerder werden beschreven in de literatuur. 
Echter, bootst dit apparaat een sterk versimpelde belasting van de onderkaak na. Het 
tweede apparaat dat wij ontwikkelden, de mandibular dynamic bite simulator (MAN-
DYBILATOR), is beduidend complexer en belast de kaak op een fysiologisch meer 
correcte wijze. De MANDYBILATOR is in staat om zowel statisch als dynamisch 
te belasten, waardoor ook vermoeiingstesten kunnen worden uitgevoerd. Ook is het 
mogelijk om in dit apparaat alle patiënt-specifieke spieren, richtingen en krachten, 
toe te passen op te testen kaak. Hierdoor is het in de MANDYBILATOR mogelijk 
om delen van, of hele spieren weg te laten waarmee de resectie van botdelen met 
spieraanhechtingen kan worden nagebootst, zoals vaak het geval is in oncologische 
reconstructies. Dit geeft een uitgebreider en meer fysiologisch correct inzicht in de 
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belasting en vervorming van de, al dan niet met PSI gereconstrueerde, onderkaak in 
de patiënt. 

Met de MANDYBILATOR werd onze niet-metalen polyetheretherketon (PEEK) re-
constructieve PSI succesvol gevalideerd en werd hiermee aangetoond dat een PEEK PSI 
voor deze toepassing voldoende sterk kan zijn om de verwachte in-vivo belasting in de 
patiënt te weerstaan. PEEK implantaten bieden verscheidene voordelen ten opzichte 
van titanium reconstructieplaten. Zo is het materiaal radiolucent, het is niet zichtbaar 
op CT, en liggen de materiaaleigenschappen veel dichter bij dat van corticaal bot dan 
bij titanium het geval is. Het toepassen van PEEK als implantaatmateriaal voor grote, 
last dragende, reconstructieve implantaten voor de onderkaak werd eerder onmogelijk 
geacht. Echter, met het toepassen van de technieken beschreven in Hoofdstuk 6 en 8 
toonden wij door middel van uitgebreide mechanische validaties aan dat een dergelijk 
implantaat wel degelijk sterk genoeg kan zijn om te worden toegepast in de patiënt. 

Algemene conclusie
Dit proefschrift beschrijft conventionele osteosynthese reconstructieplaten en kaak-
gewrichtsprotheses en de complicaties waarmee zij gepaard gaan in de mondziekten, 
kaak- en aangezichtschirurgie. Verbeteringen werden aangebracht door patiënt-speci-
fieke alternatieven te ontwikkelen, die zowel experimenteel als in de kliniek werden 
gevalideerd. Methodieken werden geïntroduceerd die verbeteringen in de ontwikke-
lingen van patiënt-specifieke reconstructieve implantaten en kaakgewrichtsprotheses 
mogelijk maken en uitgebreide, meer complexe, mechanische test methodieken 
werden hieraan ter validatie toegevoegd. Het onderzoek dat in dit proefschrift wordt 
gepresenteerd zal bijeenkomen in een volgende, nóg patiënt-specifiekere, generatie 
van patiënt-specifieke reconstructieve implantaten en kaakgewrichtsprotheses. 
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