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A comparative finite element
analysis of maxillary expansion
-with and without midpalatal
ey suture viscoelasticity using a
e representative skeletal geometry

R.S. Fuhrer!, D. L. Romanyk? & J. P. Carey?

The goal of this investigation was to adapt and incorporate a nonlinear viscoelastic material model
representative of the midpalatal suture’s viscoelastic nature into finite element analysis simulations
of maxillary expansion treatment. Step-wise displacements were applied to a partial skull geometry
to simulate treatment using an expansion screw appliance. Four simulation cases were considered
for the midpalatal and intermaxillary sutures: 1. Neglecting suture tissue; 2. Linear elastic properties;
3. Viscoelastic properties; 4. A fused intermaxillary and viscoelastic midpalatal suture. Results from
simulations indicated that removal of suture tissue and inclusion of viscoelastic properties resulted in
the same maxillary displacement following 29 activations of 0.125 mm applied directly to the maxilla;
however, assuming a fused intermaxillary suture significantly changed maxillary displacement patterns.
Initial stress results within the suture complex were significantly influenced by the inclusion of suture
viscoelasticity as compared to linear elastic properties. The presented study demonstrates successful
incorporation of suture viscoelasticity into finite element analysis simulations of maxillary expansion
treatment, and elucidates the appropriateness of various suture material property assumptions
depending desired research outcomes.

Maxillary expansion (ME) has been in use since 1860' to mechanically widen the upper jaw, maxilla, of patients
to aid in alleviating malocclusion of the dental arch?, nasal respiratory restrictions, and sleep apnea®*. In terms of
orthodontics, the primary focus of this study, commonly the purpose of ME treatment is to generate more space
around the arch allowing the clinician to correct tooth misalignments. Widening the maxilla in turn expands the
midpalatal suture (MPS) and intermaxillary suture (IMS) which are located at the midline of the maxilla as shown
in Fig. 1. Structurally, the unfused MPS/IMS are connective tissue consisting primarily of collagen, extra-cellular
matrix, and vasculature, and behave in a viscoelastic manner in response to externally applied forces®®. ME treat-
ment can be performed on a wide range of patient ages; however, the presented manuscript will consider the
adolescent age range where the MPS/IMS structure has generally not ossified.

Finite Element Analysis (FEA) has been used previously to study the mechanics of ME treatment from several
perspectives such as understanding stress distribution throughout the skull or the amount of maxillary widening
that may be expected for a given simulated protocol’. One element missing from previous FEA studies surround-
ing ME treatment is that they neglected to incorporate the viscoelasticity of the MPS/IMS’. Suture material prop-
erties have been prescribed commonly either by (1) removing the structure completely®’, (2) assigning linear®!°
or bilinear’ elastic properties, or (3) artificially reducing the accumulated stresses to zero!'> — an assumption yet
to be verified. Depending on the specific goals of the ME simulation, which are case dependent, these approaches
may prove sufficient. As of yet, the effect of incorporating a representative model of MPS/IMS viscoelasticity in
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Figure 1. Partial skull geometry illustrating relevant cranial sutures and their approximate anatomical
locations.

FEA simulations of ME, and the influence it may have on stress distributions within the MPS/IMS structure and
the amount of predicted expansion, has yet to be explored. Investigating this research question would elucidate
how MPS/IMS material model assignment influences ME treatment simulation and provide a better understand-
ing of how to assign suture properties based on the specific study aims.

Romanyk et al. characterized the bulk material behavior of the midsagittal suture in New Zealand white rab-
bits using a 1D stress relaxation material model given as (Eq. (1))**:

N
or( 0, 1) = 0.4894(0.2880e,, 1, **17)0451 o

This model characterizes the relaxation stress, o, as a function of the initial suture strain, £, , and time, ¢,
(weeks). The model was determined using analytical methods to interrelate the nonlinear stress relaxation func-
tion in Eq. (1) to a creep strain function fit to the New Zealand white rabbit experimental creep strain data.
Previous work using this model of suture stress relaxation predicted that MPS stress would decay rapidly to neg-
ligible values upon a step-increase of strain indicative of ME treatment, but was not tested within a representative
geometry.

The presented study aimed to adapt the analytical 1-D stress relaxation model, developed by Romanyk et al.
using an animal analog, in a FEA simulation using a representative cranial geometry. Results from simulations
including MPS viscoelasticity will be compared to other commonly used methods to observe what effect this
has on the mechanics of a simulated ME treatment. This research aims to better understand how choice of MPS/
IMS material properties influences FEA simulation outcomes when considering ME treatment through step-wise
increments in expansion (e.g. a hyrax screw appliance).

Methods

1-D stress relaxation model adaption for use in finite element analysis. The stress relaxation
model in Eq. (1) was adapted for implementation in the ANSYS Mechanical APDL (ANSYS® Academic Research,
Release 14.5.7) FEA program. The first step in adaptation required a geometry correction factor, ~, to be derived.
This factor was necessary as the development of Eq. (1) assumed a width larger than typical MPS values - a lim-
itation of prior work'. The correction factor, 7, needed to account for a change in the initial suture width from
the 9.72 mm dimension used by Romanyk et al.'* to 1.72 mm. This modification assumes the width of the original
suture region used by Romanyk et al. was not fully comprised of suture tissue and contained 8 mm of bone which
is significantly stiffer than suture tissue. The geometrically derived constant, y=0.176955, was determined as a
ratio of the new assumed suture width, 1.72 mm, to the one assumed in previous work, 9.72 mm, to create the
improved stress relaxation model (Eq. (2)).

_ 1
aw(sow, tw) - 0.4894(0.28807507@0'4912)0'4894 @)
The differences between the model presented in Eqs (1) and (2) are seen in the addition of the dimensionless
factor, 7, and the substitution of the strain in the corrected suture width, g , for the strain in the originally
g
assumed suture width, &, . Finally, o, denotes the geometrically-corrected stress relaxation function. The stress
relaxation model equation is only valid for £ > 55 as o, — oo when ¢, approaches zero.
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o, |0.79591 7, | 5.000 o 03927 |7 |28

o, |0.14287 m 20379  |a, [040143 |7, | 10376
a; (0039795 |7, | 62859 |y |0.14725 |75 |39.696
o, [0013401 |7, | 173230 |, |0.042999 |7, |149.81
a5 [0.0050017 |75 |457.191 |5 |0.011634 |75 |575.46
o |0.0020479 |7 | 1265574 | g |0.0030511 | 74 | 2310.1
o, 000084392 | 7, |4897.945 |q, |0.0008232 |, | 114455

[ |2.364188177 6 |1.127029
ti | 5.6448 seconds iy | 5.6691 seconds
E, | 39.4864 MPa E, | 18.7425MPa

Table 1. Calculated Prony Series Expansion Coeflicients for Eq. (4) for Time Shifted and Non-Time Shifted
Series Using a Stress-Time Data Set from Eq. (2) (Coeflicients are as-reported when using the ANSYS curve
fitting tool).

The time dependency of Eq. (2) was approximated using a Generalized Maxwell viscoelastic model in order to
utilize existing ANSYS material subroutines. The Maxwell Cauchy stress equation is given as (Eq. (3)):

t de t dA
ac—fo 26( — )T dr Ifo 2K(t — ) =dr )
The variable 7 in Eq. (3) is defined as the time at the end of the previous load sub-step, and ¢ is the simulation
time. I is the identity tensor and o, is the Cauchy stress. G(t — 7) and K(t — 7) are the shear and bulk moduli,
respectively. Variables e and A signify the deviatoric and volumetric strains, respectively. A Prony expansion
series was used in ANSYS to represent the time-dependent moduli terms of Eq. (3), specifically G(— 7) and
K(t—7), as shown in Eq. (4).

G(ty) = G, K(tp) = K

G ng G
g+ Zi=1o‘i exp[——G

i

K n K tp
oy + Z,ﬁlo‘i exp[——K]

1

4)

In Eq. (4), Gy and K, are the shear and bulk moduli values, respectively, at t,= 0. The term (¢ — 7) from the
Maxwell model was passed to the Prony series approximations (Eq. (4)) as the input variable, ¢,. The « terms, o iG
and aiK, are the relative moduli. The 7 terms, 7',-G and 7;", are the relaxation time constants. The n variables, n; and
N, signify the order of the Prony series expansion. The coefficients in Eq. (4) were determined utilizing the curve
fitting functionality within ANSYS along with a stress-time data series generated using Eq. (2). The stress dataset
had 10000 pairs of data points for the time range 5s <t < 6 hrs. Two cases were considered where in one instance
no time shift was applied to the Prony expansion series, and in the other the time value in the dataset was shifted
by —4.99 seconds to account for the displacement ramp time. Results from both cases were compared to the
expected results from the analytical solution in previous work to observe which provided a better representation.
A 7-term Prony series expansion of Eq. (4) was utilized, resulting in the coefficients presented in Table 1.

To utilize the Prony series expansion, Eq. (4), in ANSYS to simulate MPS stress relaxation, an initial Young’s
Modulus, E,, is required. The Prony series forms an approximation of the analytical stress relaxation model, and
as such they are not identical for values of time; however, the two models do intersect at several time values, which
is be referred to as f;,,.. This allows the relationship in Eq. (5) to be stated.

UPrany(€0’ t()) _ ﬁtm,UProny(EO’ tint) _ Btimo-fy(EO’ tint)

€o €o €o (5)

Ey(gy) =

where 07y, is defined as the stress relaxation approximated throughout the Prony series expansion, and By, 1
defined as the ratio of 0, (fy) and T p,e(t;,) through rearranging Eq. (5). 3 can thus be determined by substltut—
ing Eq. (4) into Eq. (5) and utilizing the fact that at ,= 0 — G(t,) = G, which results in Eq. (6):

39(t,,) = !

tmt
al + 3y laf +er
(6)

Finally, the initial Young’s Modulus, E, value can be determined, as shown in Eq. (7). The initial strain value
utilized was the average strain generated in the FEA model’s suture following the initial application of expansion
displacement. The intercept time was found by determining the time of the first intercept of the Prony series
expansion shear moduli function (Eq. (4)) and the shear moduli of the dataset used for curve fitting.
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Figure 2. (a) Rectilinear Testing Geometry (RTG) model illustrating dimensions and boundary conditions and
(b) the resulting mesh using 8-node brick elements (SOLID187). The simulated sagittal plane is located at the
symmetric boundary conditions imposed on the suture elements.
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A FEA model with a basic Rectilinear Test Geometry (RTG) was created based on the cross-sectional dimen-
sions utilized by Romanyk et al.' to verify that the adapted viscoelastic suture model worked as expected. The
RTG is detailed in Fig. 2, and was developed utilizing symmetry across what would be the sagittal plane. 8-node
brick elements, SOLID187 in ANSYS, were used to generate the mesh illustrated in Fig. 2. Simulations applied
expansion displacements of 0.125 mm every 6 hours, with each application being ramped over the course of 5 sec-
onds, for a total of 29 sequential activations. ANSYS static solution engine was chosen based on negligible differ-
ence in output results within trial simulations comparing it and the transient solution engine. The full-tangent
Newton-Raphson solution method was used with a sparse-direct solver.

Eq(&ps tine) =

Incorporation of adapted stress relaxation model in a partial skull geometry. The adapted vis-
coelastic suture model was implemented in a partial skull geometry to explore the effect of various prescribed
material conditions for the MPS/IMS structure on simulation results. Cone Beam Computed Tomography
(CBCT) scans were used to create a pre-ME treatment skull geometry using the SimpleWare Scan IP + FE soft-
ware package (Simpleware Ltd, Exeter, UK). All details regarding CBCT imaging methods are provided in pre-
vious work?. The scans were used under research ethics approval number PRO-00013379 from the University of
Alberta Research Ethics Board, and patient informed consent was obtained. After rotating the scan dataset such
that the sagittal plane would align with the global xy-plane, the geometry was semi-automatically masked from
the CBCT images in Scan IP. Geometry refinement involved removing the mandible, superior regions of the skull,
and smoothing the rough mask layers. The model was then segmented to separate and identify regions of bone
and MPS/IMS suture followed by meshing of the partial skull geometry. The final FEA model, depicted in Fig. 3,
was meshed with 4-node tetrahedral elements, SOLID185 in ANSYS, compatible with large non-linear deforma-
tions, and non-linear material models such as the Prony series expansion used in this study. An initial mesh of
210,880 elements was compared with one using 659,545 elements to investigate mesh density convergence. When
required, the nonlinear solver utilized in this study was a Newton-Raphson method using the ANSYS default con-
vergence criteria (i.e. having a residual vector less than 0.0005 for changes in forces and moments and 0.000001
for changes in element volume between load steps for convergence). Additionally, automatic time stepping was
implemented.

Nodes on the superior and posterior cutting planes, shown in Fig. 3, were fixed in space to provide boundary
conditions where the model boundaries would meet removed skull material. The fixed boundary condition was
applied in this manner as it is far removed from the region of interest, provides the necessary fixed condition for
solution, and removes unnecessary material from the simulation allowing for denser mesh in more critical areas.
The sagittal cutting plane was fixed in the x-direction to impose a symmetry boundary condition. Additionally,
a cluster of nodes were selected at the mid-root level between the second pre-molar and the first molar, and then
connected to a single external node via 2-node bar elements with a stiffness three orders of magnitude larger than
bone. The simulated ME activations were applied directly to the single external node, which then engaged the
maxilla through the bar elements. By implementing displacement increments in this manner, it remedied local
mesh nonlinearities and large elemental distortion that arose during preliminary methods where a uniform dis-
placement was applied over all nodes in the loading region. Expansion displacements of 0.125mm at each load
step were applied in the x-direction, as defined in Fig. 3. A total of 29 load steps, representing simulated expansion
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Figure 3. Partial skull geometry generated from pre-ME treatment CBCT scans illustrating fixed and
symmetry boundary conditions, and showing MPS/IMS suture geometry for (a) anterior-posterior (b) medio-
lateral views.

activations, were applied with 12 hours between each load step. Activations were ramped over 5 seconds to simu-
late the time taken to activate the ME screw appliance.

Linear elastic properties of bone have been shown to be in the range of 10-20 GPa'®. For the purposes of this
study, the higher end linear elastic modulus of 20 GPa was utilized as an increased elastic modulus would be
expected under rapid loading as simulated here (i.e. step increases in displacement). Four simulation cases using
the partial skull model were considered in this study. Case 1 served as a baseline case, neglecting the MPS and
IMS by removing the boundary conditions on their midsagittal plane nodes. Case 2 utilized compliant linear
elastic properties of 1.27 MPa for the MPS and IMS, utilized by Romanyk ef al.'* as an average of rabbit facial
sutures determined by Radhakrishnan and Mao'®. Case 3 employed the Prony series expansion of the nonlinear
viscoelastic model (Table 1) for the MPS and IMS sutures, assuming the IMS was not fused. Case 4 replicated the
viscoelasticity of the MPS, but assumed that the IMS had fused and was assigned properties of bone. In all afore-
mentioned cases, all other cranial sutures were assumed fused. All materials were assumed isotropic and homoge-
neous. Mesh density convergence was studied using a single activation of Case 2 and comparing the average nodal
first principal nodal stress using 27 locations across the MPS.

Results and Discussion

Verification of adapted stress relaxation model on rectilinear testing geometry. Before incorpo-
rating any viscoelastic material properties in a partial skull model for ME treatment simulation, the RTG was used
to ensure that the user-defined properties worked as expected on a simplified and well-understood geometry. The
analytical model developed in previous work (Eq. (1)) was based on experimental data, and thus comparison of
the FEA model to past results using the same formulation would verify the user-defined viscoelastic material
model has been established correctly in ANSYS. Figure 4a compares the first simulated activation stress response
of the FEA model against the expected stress profile as generated by the original Romanyk et al. 1-D model for
an identical suture expansion. The peak stress at 5seconds for the time shifted Prony expansion replicates that of
the original validated analytical model. The difference in results is suggested to be a result of the 5 second ramped
activation in the FEA simulation which is expected to cause a lower-magnitude initial stress than the 1-D model
which assumed a step-increase. The non-time shifted series expansion resulted in a significantly larger initial
stress prediction and did not follow the stress relaxation behavior as well as the time shifted expansion. This result
enforces the necessity to incorporate a time shift in the series expansion of stress relaxation behavior.

Figure 4b shows the expansion, first principal strain of the suture at the sagittal symmetry plane, and Fig. 4c
illustrates the first principal stress in the suture at the sagittal symmetry plane after 29 simulated activations of
the RTG. Results in Fig. 4 illustrate that internal stress decayed to negligible values approximately 120 seconds
after each simulated activation, and the suture elements were able to withstand the applied total displacement
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Figure 4. (a) Initial activation stress relaxation comparison between the theoretical 1-D model and time shifted
and non-time shifted Prony series expansion; (b) Simulated maximum strain and suture expansion of the RTG
using a time shifted Prony series approximation of suture viscoelasticity over 29 activations; (¢) Maximum first
principal stress at the suture sagittal plane over 29 activations.

1 MPS/IMS: Neglected Complete N/A
Element 208790 in MPS/IMS;

MPS/IMS: Compliant Linear

2 Flastic Incomplete Failed at 43203 seconds (Between
34 and 4™ Activation)

3 MPS/IMS: Viscoelastic Complete N/A

4 MPS: Viscoelastic Complete N/A

IMS: Fused bone properties

Table 2. Simulation Case Descriptions and Completion Results for the Four MPS/IMS Material Conditions
Tested.

numerically without error. Results from the single activation and series of 29 simulated activations gave confi-
dence that the user-defined relaxation material model would be viable for use in the more complex partial-skull
simulations.

Of particular note in Fig. 4b is that for each 0.125 mm appliance activation, the step increase in the strain
reduces in magnitude for each activation. The decrease in initial strain upon simulated activation is a result of
increasing width used in determining strain as opposed to the initial width. Similarly, the magnitude of the peak
stress within the suture reduced for each activation step, Fig. 4c, for the same reasons.

Incorporation of viscoelasticity in partial skull geometry. The partial skull model was simulated in
FEA to evaluate how the utilization of various material property assumptions for the MPS/IMS effected the find-
ings for simulated ME treatment. This comparative analysis aimed to highlight any differences in final expansion
results (i.e. maxillary displacements) and suture stress-strain response. Upon averaging the first principal nodal
stresses across 27 locations, to be described later in this section, it was found that the meshes studied differed by
less than 10%. Given the large patient-to-patient variation expected in tissue material properties and the specific
research goals of this study, the convergence to less than 10% was deemed sufficient. As such, the 210,880 element
mesh was utilized in all simulations. The four simulation cases have been summarized in Table 2 along with com-
pletion results of the full 29-activation simulation. Only the case where the MPS and IMS were assigned compli-
ant linear elastic properties, Case 2, failed to run to full completion as a result of excessive element distortion at
suture elements which caused the simulation to fail. Simulation cases that ran to completion each have 291 data
points spanning the entire simulation. Nodes from the first molar were used in all cases to determine maxillary
displacement results.

As highlighted in Table 3, there were negligible differences in displacement between the model where the MPS
and IMS were simulated using viscoelastic suture properties (Case 3) and where it was neglected via removal of
the symmetry boundary condition on the suture (Case 1). In light of the result that predicted stress within suture
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Simulation Activation Number

Case Displacement | 1 3 6 29

1 —0.14 | —042 | —0.84 | —4.03

2 X-Component; | 014 | -038 |N/A |N/A
Transverse

3 Direction (mm) | —0.15 | —0.43 | —0.84 |—4.03

4 —0.17 | —0.51 —1.03 | —4.92

1 0.01 0.03 | 0.07 0.36
Y-Component;

2 Anterior- 001 | 003 |[N/A |[N/A

3 Posterior 002 | 004 |007 036
Direction (mm)

4 0.03 0.08 |0.16 0.64

1 —0.02 | —0.04 | —0.08 | —0.29

2 Z-Component; | 002 | —0.04 |[N/A |N/A
Vertical

3 Direction(mm) | —0.02 | —0.05 | —0.09 | —0.29

4 —0.02 | —0.07 | —0.13 | —0.42

Table 3. Average Nodal Displacement of all nodes in the First Molar in the Transverse, Anterior-Posterior, and
Vertical Directions for the Four Simulated Cases After 1, 3, 6, and 29 Activations (Coordinate system used is
identified in Fig. 3).

tissue decays to negligible values within minutes of activation, it should not be expected to provide increasing
resistance to expansion as simulated activations progress. Conversely, displacement results from Case 4 differed
significantly when the IMS was assumed fused. Given the added stiffness in the anterior region of the maxilla
that would be induced through considering the IMS to be composed of bone, it would then generate larger dis-
placement in the posterior region of the maxilla due to its comparatively lower stiffness. Case 2 resulted in similar
displacements to Case 1 and 3 on initial simulated activations, but was unable to predict any results beyond the
third activation as a result of simulation failure due to element distortion.

Considering the maxillary displacements of Cases 1, 3, and 4 further, Fig. 5 illustrates the superior view of the
models showing the x-component (transverse) of displacement at the end of the 29'h activation. The continuous
MPS/IMS simulations where they were both either neglected (Case 1) or assumed viscoelastic (Case 3) show that
there is more anterior first molar displacement, while the discontinuous MPS/IMS simulation with a fused IMS
and viscoelastic MPS (Case 4) shows that there is more posterior displacement. Work by Cross and McDonald!”
indicated differing clinical anterior-posterior expansion results from previous work by da Silva et al.'8, for similar
ME protocols, regarding whether more expansion was achieved posteriorly or anteriorly. Differences in findings
were primarily attributed to inconsistent age groups and expected levels of suture maturation/ossification. It is
not suggested here that a fully fused IMS and unfused MPS necessarily represents a common clinical scenario;
however, the predicted FEA result in this study that greater posterior expansion may occur over anterior, or vice
versa, has been noted through clinical studies in the literature. As such, findings in this study further point to the
understanding that careful attention must be paid to assumptions of suture maturity/ossification and interpreting
results. That is, FEA of ME treatment may provide a physically representative interpretation of clinical findings
provided that appropriate assumptions (e.g. degree and location of ossification) are made about the relevant
suture properties that emulate the desired population being considered.

When interpreting FEA displacement/expansion results with regards to clinical relevance, all cases were sim-
ilar in regards to predicting preliminary displacements. Displacement results showed increasing discrepancies
between Cases as simulated activations progressed. If the primary clinical question is to predict the amount
of expansion that may be achieved through ME treatment, it is supported by findings from Case 1 and 3 that
the MPS/IMS suture structure, if unfused, may be neglected. Given the substantial complexity of incorporating
a representative viscoelastic model for the MPS/IMS suture structure, as highlighted in the Methods section,
dramatic model simplification could be achieved through removal of the MPS/IMS structure. Caution of course
must be exercised around doing so, as the MPS/IMS structure should truly be unfused, or at least within reason-
able approximation, in order to neglect it while attaining physically representative results. As noted from Case 4,
introduction of a fused IMS certainly changed displacement patterns and results compared to Cases 1 and 3. This
again points to making appropriate assumptions in analysis that reflect the desired population being studied and
their expected level of suture ossification/maturity.

To better understand the rates of relaxation in the MPS/IMS structure, 27 nodes were selected within the
suture, as illustrated in Fig. 6a. The averaged nodal first principal stress results from the chosen nodes were plotted
versus time in Fig. 6b for Case 2 and 3. These results show the relaxation of stresses in the MPS/IMS structure as it
goes through subsequent activations using the viscoelastic model compared to the solution assuming compliant
linear elastic properties of the MPS and IMS. To isolate a single expansion, Fig. 6¢ again compares Case 2 and 3
but only for a single activation up to approximately 2 minutes.

In studying the results around stresses developed in the MPS/IMS during simulated ME, it is clear that assum-
ing compliant linear elastic (Case 2) versus viscoelastic (Case 3) suture material properties gave rise to signif-
icantly different initial stress profiles in the MPS/IMS structure. Of course, one should not expect to observe
relaxation or differential initial stress response for a linear elastic model given that, by definition, there is no
time-dependent term in the constitutive relationship; however, the difference between predicted initial stress
values within the MPS/IMS structure is clearly illustrated with the viscoelastic approach showing an average
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@) ®)

Figure 5. Partial skull displacement fringe patterns showing the x-direction (transverse) displacement of the
maxilla for (a) neglected MPS/IMS structure, (b) viscoelastic MPS/IMS properties, and (c) a fused IMS and
viscoelastic MPS. By the coordinate system used here, outward lateral displacement. Units are in mm, and the
coordinate system used is depicted in Fig. 3.
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Figure 6. (a) Location of the 27 nodes at the sagittal plane of symmetry used to calculate average stress values
within the MPS/IMS structure; (b) Average first principal stress results in the MPS/IMS structure for entirety of
the simulated treatment; (c) Average first principal stress in the MPS/IMS structure after a single activation.
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initial first principal stress of approximately 1.2 MPa compared to the 0.2 MPa predicted with compliant linear
elastic properties. As this result pertains to specific study of ME treatment, if FEA study goals are to understand
if suture failure will result in response to a prescribed force or displacement protocol under a known/assumed
failure criterion for suture tissue, then an assumption of linear elastic properties will not be sufficient to investi-
gate this question. For instance, consider a case of investigating multiple activations, or larger displacements than
the 0.125 mm activation simulated here. Based on evidence from this analysis, one would expect the discrepancy
between linear elastic and viscoelastic simulations to increase, and this increase may not be in a linear fashion.
Investigating such research questions would necessitate that viscoelastic properties be considered. Results as pre-
sented in Fig. 6 do converge after a short period of time to similar values within the 2 minute window presented
which could indicate that for a single activation the compliant linear elastic model may predict stress within the
suture structure adequately; however, going beyond this would not be appropriate as the effects of stress relaxa-
tion are not incorporated and would give rise to misleading findings.

Another topic of interest that necessitates the study of stresses within the MPS/IMS structure is with respect
to bone remodeling. It is understood that the application of external mechanical stimuli can induce bone remod-
eling/growth at suture sites®, and is still a topic of significant interest in the literature'*-2!. With respect to ME
treatment, it is generally suggested that increased bone remodeling during treatment may lead to improved reten-
tion or reduced retention times as a result of increased bone at the suture site preventing relapse. In studying
such a phenomenon, it is imperative that the stress-strain response of the suture tissue is appropriately modeled
and understood when correlating predicted mechanical FEA results with biological findings. As illustrated here,
the stress response of the MPS/IMS structure differed greatly between viscoelastic and compliant linear elastic
approaches in terms of initial stress upon application of displacement. If predicting failure of the suture during
load application is a goal of the study, especially in instances of rapid displacement application, then it has been
shown here that incorporation of the viscoelastic model is necessary to capture the nature of suture response.
Conversely, after approximately 2 minutes of simulation time, the viscoelastic and linear elastic models converge
to similar values indicating that suture response over time for a single activation could be reasonably predicted
using a linear elastic approach. Such an observation has large implications towards studying suture mechanobi-
ology where bone remodeling/growth will take place over time during continual load application. The current
study only considered skeletal response to a simulated stepwise increase in displacement (e.g. a Hyrax device),
and future work should investigate limitations when ME treatment is performed via a load-controlled device (e.g.
spring).

Opverall, the individual simulation cases presented in this study have particular instances when their prac-
ticality and physical representativeness are appropriate based on the specific research question and population
being considered. Removal of the MPS/IMS structure may yield accurate results with respect to understanding
displacement/expansion of the maxilla over a simulation of multiple activations, but of course cannot produce
any prediction of stresses or strains within the MPS/IMS. Furthermore, removal of the suture may not be physi-
cally representative if there is substantial ossification present, as could be the case in an adult patient, for example.
Simulation utilizing a linear elastic assumption for suture behavior may provide a reasonable prediction of max-
illary displacements and suture stresses or strains for a time period shortly after a single appliance activation. If
the initial suture response to activation, namely stress, is of paramount interest (e.g. in the case of studying suture
failure), it has been illustrated here that a viscoelastic material model should be considered. Inclusion of suture
viscoelasticity does yield physically representative simulation results in terms of studying MPS/IMS stress and
strain and maxillary displacement; however, such a high fidelity and complex model also resulted in substantial
time for development and solution time. For certain aforementioned research questions it would be necessary to
include suture viscoelasticity, but simplifications exist and should be considered where appropriate for expediting
solution time.

Limitations

The element choice (SOLID185) and number of elements for the partial skull analysis were proven to be ade-
quate for the specific research questions investigated in this study, namely the comparison of average nodal first
principal stress throughout the midpalatal suture and predicted expansion for varied midpalatal suture material
models. Should the research question change to involve a more rigorous evaluation of local material response
(e.g. stress or strain at specific locations within the suture or surrounding bone), then it is possible that a differ-
ent element type or mesh density may be required for converged results. It is also possible that the threshold of
convergence may require alteration. This is a critical component of FEA studies and should be considered on a
case-by-case basis. Additionally, it is recommended by ANSYS that cubic and prism formulations are used for
the SOLID185 element type over the tetrahedral option. While it is not anticipated that the general conclusions
of this research would differ with element choice as supported by the convergence of mesh density and nonlinear
analysis, specific results may change with nodal configuration (e.g. allowing for simulation of more activations
with the linear elastic material model).

In the case of using linear elastic properties for the MPS/IMS structure, Case 2, it was found that all desired
activations could not be achieved due to excessive element distortion causing failure. Future work could inves-
tigate how increasing the density of the mesh in the MPS/IMS region influences the ability of a linear elastic
model for the MPS/IMS to simulate ME treatment at later stages of expansion. While the mesh used in this study
resulted in simulation failure early in treatment, it is possible that with additional refinement there may be an
increased ability to predict expansion further into simulated treatment. Results from this work do, however, illus-
trate an inherent potential limitation of using linear elastic elements for the MPS/IMS structure when simulating
ME treatment over a series of expansion steps. Additionally, the linear elastic elements do not have the ability to
represent the inherent decay in stress over time, and thus would continually superimpose stress results for subse-
quent activations and likely lead to erroneous stress results in later simulations.
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The results and discussion presented in this manuscript must be taken in context as not to mislead the reader.
The intent of this research was to incorporate a validated representative viscoelastic model for the MPS/IMS
structure in a representative geometric model for simulation of ME treatment, and understand the implications
of this compared to neglecting suture material and using linear elastic approaches. Shortcomings and limitations
certainly exist with the presented work and must be considered when interpreting results. No bone interdigita-
tion throughout the suture or any bone remodeling throughout treatment was considered, and the MPS/IMS
was assumed either fully unfused or fused. Displacements were applied directly to nodes on the maxilla, and not
through a simulated appliance which would alter the amount of displacement achieved. The MPS/IMS structure
was taken as a uniform symmetric thickness. Finally, only stepwise displacement types of expansion was simu-
lated, and future work should investigate how utilization of other appliances, namely a spring appliance, influ-
ences ME treatment simulations. Notwithstanding these limitations, the presented work still provides valuable
insight into the inclusion of suture viscoelasticity in simulation of ME treatment and how it influences results.

Conclusions

The presented study made methodological headway towards understanding predictive FEA models of maxillary
expansion treatment. Romanyk et al’s 1-D stress relaxation model of the bulk behavior of the MPS was improved
and adapted for use in FEA simulations. This implementation correctly replicated the 1-D model’s stress relaxa-
tion curve in 3-D simulations, with a well approximated initial peak stress. Partial skull simulations indicated that
maxilla displacement is unaffected by the inclusion of the viscoelastic model. As time progressed after simulated
activations, the suture structure trended towards negligible internal stress. This indicated that the viscoelastic
nature of the suture is inconsequential in affecting final deformation of the skull within simulations that utilize
a direct displacement applied to the maxilla. Conversely, the prediction of initial stress within the MPS/IMS
structure upon simulated activation was greatly influenced by inclusion of a viscoelastic model. Stresses between
linear elastic and viscoelastic simulations for a single activation proceeded to converge to similar values over time.

Data Availability
The datasets generated and/or analysed during the current study are available from the corresponding author on
reasonable request.
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