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Abstract 

Background:  Manually bent, standard-of-care, Ti–6Al–4V, mandibular graft fixation 
devices are associated with a significant post-operative failure rate. These failures 
require the patient to endure stressful and expensive re-operation. The approach 
recommended in this report demonstrates the optimization of graft fixation device 
mechanical properties via “stiffness-matching” by varying the fixation device’s location, 
shape, and material composition through simulation of the device’s post-operative 
performance. This provides information during pre-operative planning that may avoid 
future device failure. Optimized performance may combine translation of all loading 
into compression of the bone graft with the adjacent bone segments and elimina-
tion or minimization of post-healing interruption of normal stress–strain (loading) 
trajectories.

Results:  This study reports a sheep mandibular graft model where four animals 
received virtually optimized, experimental nickel–titanium (NiTi) fixation plates fabri-
cated using laser beam powder bed fusion (LPBF) additive manufacturing (AM). The 
last animal, our control, received a standard-of-care, manually bent, Ti–6Al–4V (aka 
Ti64) fixation plate. A 17.5-mm mandibular graft healed completely in all four animals 
receiving the experimental device. Experimental NiTi-implanted sheep experienced 
mandibular bone healing and restoration. The Ti64 plate, in the control animal, frac-
tured and dislocated shortly after being implanted.

Conclusion:  The use of stiffness-matched implants, by means of plate material 
(NiTi) and geometry (porosity) enhanced bone healing and promoted better load 
transfer to the healed bone when compared to the bulk Ti64 found in the fixation 
plate that the Control animal received. The design technique and screw orientation 
and depth planning improved throughout the study leading to more rapid healing. 
The large animal model reported here provides data useful for a follow-on clinical trial.

Highlights 

•	 Novel stiffness-matching approach to  skeletal fixation ensuring compression 
of bone fragments.

•	 Standard-of-Care Ti–6Al–4V device shown to fail quickly in this and another recent 
study.
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•	 Less stiff NiTi material and designed porosity facilitate stiffness modulation.
•	 Stiffness-matched mandibular graft fixation hardware demonstrates full healing 

in this sheep model.
•	 Personalized fixation location, shape, and  material show potential to  improve 

patient outcomes.

Keywords:  Additive manufacturing, Stress shielding/stress concentration, Nickel–
titanium, Virtual surgical planning, Sheep model

Graphical Abstract

Background
When a  bone fixation or replacement  device failure occurs, it is often attributed to 
overly stiff materials that may have led to stress shielding-induced bone resorption (loss), 
implant loosening, and eventually device failure [1, 2]. The most commonly used fixation 
material is Surgical Grade 5 titanium alloy, Ti–6Al–4V (aka Ti64) [3]. This material has 
a much higher Young’s modulus (i.e., an index of the material’s stiffness) (112 GPa) than 
the surrounding mandibular cortical bone (10–31 GPa) [4, 5]. Furthermore, another pos-
sible cause of failure is stress concentration in the implant, especially in work-hardened 
“crimp” (i.e., thinned areas for manual bending) zones. Studies of CMF fixation have 
observed that 36–39% of large-mandibular graft fixation devices are observed to have 
post-surgery complications, including plate exposure, screw loosening, or plate fracture. 
In many cases, this requires revision surgery [1, 6–8]. Even though continuous research 
into,  and development of, improvements in  bone fixation devices  have reduced this 
complication rate, the risk of fixation plate failure remains high for large CMF (cranio-
maxillofacial) grafts [9]. Across all skeletal fixation devices, 8–10% of all fixation plates 
are observed to break [10], loosen [11], or in other ways fail during normal activities (i.e., 
no trauma). In addition to the painful and stressful emergency caused by an unexpected 
failure of CMF fixation devices, typical re-operation costs average $50,000 [12]. The lack 
of biomechanical data makes it difficult for attending physicians to avoid stress shielding 
or to predict device performance.

Virtual surgical planning (VSP) is a common tool employed for reconstructive 
CMF surgery. This approach allows for detailed surgical planning, on computational 
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platforms, and provides valuable insight and preparation for actual surgical procedures. 
In most VSP environments one can obtain the target shape of a fracture or a segmental 
defect site to be reconstructed, as well as identify sites for fixation hardware placement. 
The size and shape of a bone graft or flap used  to fill a  segmental defect can also be 
visualized. Currently, it is common that a model of the virtually reconstructed bone is 
additively manufactured (also known as 3D printed), and fixation plates are manually 
bent to that model to provide an optimal fit. As an alternative to a manually bent fixation 
plate, it is now common to 3D print masticatory load-bearing, VSP-designed, CMF fixa-
tion plates. This level of personalization ensures that the plate will be uniformly flush to 
the bone, thereby increasing the overall reconstruction’s stability [13, 14]. However, cur-
rent VSP sessions rarely provide the surgeon with the fixation plate’s anticipated post-
operative mechanical performance [15]. Instead, surgeon decisions on fixation hardware 
geometry, material, or location are most commonly based on the surgeon’s experience 
and medical judgment. Because there is virtually no biomechanical information available 
in current fixation design specifications provided to the physician, FDA clearance (e.g., 
testing conformance with standard-of-care device guidelines) relies on generic mechani-
cal testing standards, e.g., ASTM F382-17, [16] as a basis to reduce the risk of fixation 
device mechanical failure. If biomechanical data were available during VSP, it could be 
used by the surgeon to choose the optimal fixation plate size, shape (i.e., external shape, 
internal porosity), location, and material, as well as screw location, type, and length.

Extending current VSP approaches to include information about implant geometry, 
location, and material, as well as screw location and length, one could then develop 
an optimal fabrication process for a personalized mandibular graft fixation plate. This 
is the workpath we took in the study reported here. Good fit and function of fixation 
hardware is expected to improve the sustainability  and speed of  healing, which may 
also be aided by the post-operative wound healing environment. That is because bone 
fractures, by virtue of hematoma formation from injured vessels, the early inflamma-
tory response, and the cytokine cascade that follows the surgical “injury” (e.g., soft tissue 
incisions, osteotomies, etc.)  start the healing process by creating an interplay between 
bone, endothelial, and inflammatory cells that ultimately can aid in bone regeneration 
and remodeling [17].

We hypothesize that informing surgeons’ choices about a personalized fixation device’s 
size, shape, material properties, and location is the best way to avoid both stress shield-
ing-induced bone loss and stress concentration-induced fixation device failure [18]. This 
study involves the development of a mandibular fixation plate that is tailored to match 
the mechanical need for maintaining grafted bones in compression in response to all 
loads encountered during the healing period.

Furthermore, a superelastic nickel–titanium (NiTi) alloy was selected as the material 
for the studied fixation plates due to its low Young’s modulus, between 28 and 70 GPa 
(austenite: 70 GPa; martensite: 28–40 GPa), which is significantly less stiff than the con-
ventionally used Ti–6Al4V, and its unique property of superelasticity, with up to 8% of 
recoverable elongation without breaking [19]. Several works have reported the use of Ni-
rich NiTi alloy for additively manufactured biomedical devices. The current application 
of this material in medical devices is only for small wire-like components, such as stents 
and wires [20]. Even though Ni ions are known to be cytotoxic, studies have shown that 
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the maximum Ni ion release rate of 3D-printed parts in physiological conditions is com-
parable to that observed in conventional NiTi devices [21]. Furthermore, it was proven 
that the leached Ni in solid and porous 3D-printed NiTi is too low to promote cytotoxic-
ity [5, 22]. For example, good biocompatibility and inert activity of 3D-printed NiTi sam-
ples implanted in the frontonasal bone was recently demonstrated in a porcine model 
[23].

To evaluate the benefit of our VSP-engineered mandibular graft fixation plates, bone 
healing was compared to the gold standard, a hand-bent Ti64 fixation plate. Mandibular 
fixation plates were implanted in five sheep which underwent mandibular osteotomy to 
create a bone defect. Four were fitted with NiTi fixation plates and one serving as a con-
trol was fitted with a manually bent, conventional Surgical Grade 5 titanium alloy man-
dibular graft fixation plate.

Results
Clinical outcomes

All four animals that received experimental NiTi fixation plates made a successful recov-
ery following their surgical procedures and displayed indications of good overall well-
being during their post-operative healing period. Interestingly, the experimental sheep 
#2 plate eventually failed (broke) at the sixth screw (posterior to anterior) position. Nev-
ertheless, the animal experienced full bone healing and restoration. There was a gradual 
improvement in the healing seen in each experimental  animal’s osteotomy bone graft 
and in any surrounding callus that developed. There was no evident pain, and sheep 
weight fluctuation was not out of the expected range, according to the attending veteri-
narians. Neither the control, nor the experimental, sheep had significant clinical obser-
vations during the study period. Complications in the form of infection, inflammation, or 
dehiscence were not observed. The adversities sheep encountered were negligible, which 
included difficulty adjusting to the weather as their fur grew after each shear and some 
skin abscesses that healed rapidly. There were no notable changes in behavior, physical 
symptoms, or any signs of illness or distress observed in the sheep. 3D CT reconstruc-
tion images revealed that all four experimental sheep showed successful bone graft heal-
ing with modest callus formation (Fig. 1). All of the callus formation was fully resolved 
through bone remodeling. The osteotomy site in the experimental animals showed rapid 
bridging followed by full restoration of original bone anatomy, as shown on clinical 3D 

Fig. 1  3D CT reconstructions of the healing process of experimental animals 1–5 at three different time 
points across the study: top row—within 2 months after surgery; middle row—3–5 months after surgery 
healing time; bottom row—final image before sacrifice
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CT. As mentioned, experimental sheep #2 exhibited late (post-healing) plate breakage 
which appeared to not affect the animal. Even though careful VSP was undertaken, Ani-
mals #1 and #3 showed screw loosening, which was suspected to be due to those screws 
not being bicortical.  Rapid and uneventful healing was observed in sheep #4, as the VSP 
process and learning curve appear to have enhanced our results as the study proceeded.

On the other hand, the control animal, sheep #5, while not judged to be in distress 
after its plate broke, did at times show withdrawn behavior, and jaw clicking while chew-
ing/ruminating. This was due to a broken fixation  plate, unresolved callus, and dislo-
cated bone (Fig. 1). Indeed, the Ti–6Al–4V fixation plate received by the control animal 
fractured within a month of surgery, resulting in a significant jaw dislocation. That ani-
mal developed a large callus that did not resolve.

Micro‑CT and histology

Representative images from micro-CT and histology for all studied animals are shown in 
Fig. 2. Both methods depict bone growth and integration at the sites of screws in sheep 
#1–4, and a lack of healing in sheep #5. The histology shows that all of the experimental 
animals display a consistent and uniform, well-healed host–graft bone interface, char-
acterized by abundant pink coloration due to Sanderson’s Rapid Bone Stain which has 
been counterstained with Van Gieson stain. The histology for the control animal, sheep 
#5, exhibited morphology consistent with the presence of fibrous tissue (i.e., blue stain in 
unhealed callus region seen in Fig. 2). The absence of a consistent and orderly arrange-
ment of bone tissue implies a lack of successful progress in achieving normal healing in 
the control animal.

Discussion
Restoring the mandible’s shape and functionality after bone resection due to trauma or 
cancer is the main objective of reconstructive surgery. Even though the use of titanium 
plates is the gold standard for bone graft fixation, clinical outcome reports show a high 
rate of device failure, mainly due to a stress shielding effect (i.e., bone loss) [24]. The 
clinical significance of stress shielding varies with the shape, material, and location of 
fracture fixation hardware. Specifically, areas bearing high loads, such as the mandible, 
lower spine, or the femur, are more prone to experience unbalanced stress following 
the addition of localized, very stiff fixation hardware. We have recently noted [25] that 
a stiffness-matching approach might be able to restore a bone’s normal function dur-
ing healing through treating the whole functional unit while simultaneously reducing 
osteotomy site motion. With the addition of biomechanical information, one can simu-
late loading both during and after healing. That simulation can help the surgeon attempt 
to avoid interrupting normal post-healing loading, a potential cause of stress shielding, 
as much as possible. This study focused on optimizing implant (i.e., plate and screws) 
material, geometry, and location to address these concerns by enhancing bone healing 
and by tailoring the fixation strategy to the specific demands of the implant site and the 
functional unit during and after healing.

The results presented in this report expose secondary problems currently seen in 
patients when using off-the-shelf, standard-of-care mandibular graft fixation plates 
[26]. Sheep #5 (control), which received a Ti64 hand-bend plate, demonstrated subpar 
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performance and encountered difficulties in achieving standard healing and regular 
chewing, marked by clicking noises and irregular chewing motions. Similar results 
were observed by Pérez-Basterrechea et al. when implanting a serum-based scaffold 
loaded with bone marrow-mesenchymal stem cells (BM-MSCs) in a sheep model [26]. 

Fig. 2  Matching sagittal micro-CT and histology images of explants taken from all animals at the end of the 
study. The histology was prepared using hard plastic embedding which was then stained with Sanderson’s 
Rapid Bone Stain and counterstained with Van Gieson stain. Sheep #1–4 display fully healed mandible 
bone grafts whereas the control animal (#5) shows non-union and a lack of pink/red stain seen in areas 
of undisturbed and fully healed bone. Instead, one sees blue-stained regions which indicate soft fibrous, 
cartilage tissues
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They found that, even though some level of mandibular bone formation was achieved, 
there was observed callus and fibrous tissue formation, incomplete bone consolida-
tion, and unsuccessful restoration of the mandibular contour. At the time of euthana-
sia, the plate was found fractured along with loose screws. This was attributed to the 
high stiffness of the implanted Ti–6Al–4V plate (2.6 mm thick), which acted as a load 
bypass and experienced high-stress concentration. Furthermore, it provoked subop-
timal mechanical stimulation and hindered bone remodeling. Another recent study 
attempted to use standard-of-care Ti–6Al–4V fixation plates in a sheep mandibular 
segmental defect model. As with the control animal in our study, plate fracture was 
rapid (within 4  weeks). That study corrected the problem of plate fracture with the 
addition of a second, larger, plate [27].

Manually bent, off-the-shelf fixation plates often have crimping areas that are located 
between all the screw-eyes. This compromises the elasticity of the plate in these areas, 
especially if there is repeated bending to reach the required form-fitting shape. Repeated 

Fig. 3  a Surface detection for an osteotomy in a diastema region. b Design of NiTi stiffness-matched 
mandibular graft fixation plate. c Mandibular plate geometry and orthogonal strut porous infill showing unit 
cell architecture. d Image featuring LPBF additively manufactured stiffness-matched NiTi fixation plate for 
engrafted mandible. e Osteotomy VSP: from the left-cutting guide (dashed lines demonstrate osteotomy 
planes), osteotomy of diastema region, engrafted sheep mandible. f VSP of screw location and length; screws 
1–3 are located in anterior bone; screws 4 and 5 are located in bone graft; screws 6–8 are located in posterior 
bone. g Intraoperative image featuring a NiTi fixation plate that has been successfully attached to the sheep’s 
mandible



Page 8 of 18Khattab et al. BioMedical Engineering OnLine          (2024) 23:105 

bending may cause work hardening at the repeatedly-bent crimp sites. Work-hardened 
sites may be prone to fatigue (i.e., cyclic loading) failure [15]. Previous work has shown, 
with statistical significance, differences in hardness between manually bent and pre-bent 
plates, bent optimally to fit a surgical planning model. The former has lower hardness 
as it experiences excessive bending and twisting deformation [28]. Additionally, com-
putational models that minimize pre-bending stress and screw tightening may reduce 
susceptibility to plate fracture [29].

In contrast, all of the experimental sheep, which received an engineered personalized 
3D-printed NiTi fixation plate, showed satisfactory recovery. The clinical 3D CT, micro-
CT, and histology findings suggest that bone healing progressed similarly and nor-
mally for all experimental animals throughout the study. Therefore, the optimization of 
mechanical properties and geometry, coupled with precise location planning of the NiTi 
bone fixation plate and screws, has likely reduced, if not eliminated, the negative out-
comes associated with bone stress shielding and device stress concentration. Towards 
counterattacking the  stress shielding effect, previous works have reported the use of 
novel materials for custom made mandibular plates [30]. A common example is poly-
etheretherketone (PEEK) since the material shows biocompatibility and increased elas-
ticity. As with NiTi, PEEK implants can be additively manufactured, making it possible 
to produce complex and personalized shapes. However, it is known that PEEK is bioin-
ert and may not provide optimal  osseointegration. Furthermore, it has not been fully 
reported as to whether the PEEK fixation plates studied can withstand chewing forces 
[30, 31]. We expect that our approach of using a single plate of similar size to, but much 
less stiff than the standard-of-care, was successful because, as noted in the “Micro-CT 
and histology” section  (above), we model the effect of maximum chewing load on the 
osteotomy site based on the fixation plate’s location, geometry, and material [32, 33]. 
Our mechanical model shows that a less stiff implant is less likely to concentrate stress at 
a highly localized area of the fixation plate or on a particular screw. We hypothesize that 
this is because the less stiff plate can engage all of the screws, the remainder of the plate, 
and the adjacent bone segments (i.e., the healing bone functions more like the normal 
bone). Additionally, careful choice of the location of a fixation plate can better ensure 
that the load results primarily in compression at the osteotomy sites and that micromo-
tion at those sites is kept below 300–400 µm [34]. Finally, we anticipate that our VSP 
approach is capable of minimizing the time of callus formation and resolution, as well 
as the time of bone healing through improved device placement and locking, bicortical 
screw planning, all of which resulted in contour restoration.

Despite the improved healing seen in the experimental sheep, one out of these  four 
sheep (animal #2) exhibited late (post-healing) plate breakage. This complication was 
not deemed a failure, as the bone healed normally. We attribute this to the difference in 
size of that animal compared to the other ones. Although it was chosen from the same 
herd, it was significantly smaller than the other four animals, but similar in  its crani-
ofacial  morphology. Furthermore, the same contoured 3D-printed plate was used for 
all four experimental sheep, assuming that the strain would present similarly given con-
stant craniofacial morphology. While the graft fixation plate fit Sheep #2 well at surgery, 
some minor adjustment was required to situate the fixation plate. Sheep #2 was heal-
ing in the expected manner until it was observed via 3D CT that the fixation plate had 
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broken into two pieces. Subsequently, these two pieces moved further away from each 
other. We hypothesize that as the healthy loading of the mandible was  progressively 
restored, and the NiTi plate already completed its work, the remodeling of bone and 
increased chewing strength broke the flexible NiTi fixation plate. This behavior has been 
explored in recent in silico studies. Wan et al., showed that the increasing occlusal load, 
due to progressive bone healing and remodeling, could promote the fracture of a fixation 
plate due to fatigue failure [35].

While the results are promising, this study has a few limitations. Animal experiments 
involve uncontrollable variables, such as differences in healing rates due to genetics and 
age. We minimized this by selecting sheep of the same strain with similar characteristics. 
Sheep’s social nature can impact recovery. Therefore, we adhered to standard sheep pro-
tocols to reduce stress and provide enrichment. Furthermore, even though the selection 
of a very small sample size for the control group could jeopardize the analysis, the study 
was planned based on the reported literature and adhering to the 3R ethical considera-
tions: Replacement, Reduction, and Refinement [36]. Thus, once it was confirmed that 
an optimal plan with a standard-of-care fixation plate would not work, it was not appro-
priate to make another animal undergo a broken fixation plate.

Finally, it may be useful to consider the corrosive potential of using NiTi (fixa-
tion plate) and Ti64 (screws) components in a single fixation device. The employment of 
different metals could lead to metal degradation due to galvanic corrosion. In this study, 
we did not observe corrosion on the explanted components. We hypothesize that little 
to no corrosion occurred  due to the minute difference in electrical potential between 
NiTi and Ti64 (0.2 V) [37, 38] and the fact that both materials tend to form a passive, 
protective TiO2 layer which could reduce or even negate the possibility of galvanic cor-
rosion [39, 40]. However, to our knowledge, the galvanic interaction of these two metals 
has not been previously reported and should be evaluated.

Conclusions
This study presents a novel stiffness-matching approach for bone fixation plates. Stiff-
ness is not only reduced by choosing NiTi over Ti–6Al–4V or by matching stiffness to 
the adjacent bone. Rather, the stiffness of the overall construct (i.e., adjacent host bone, 
grafted bone, screws, and fixation plate) is designed to accomplish the work of main-
taining compression between adjacent healing bone segments under all loads dur-
ing bone healing. That work is facilitated by planned (i.e., biomechanically modeled 
and optimized) engagement of the full  mechanical segment composed of the  fixation 
plate,  screw, and  bone fragment in order to reduce osteotomy site micromotion and 
speed bone healing. Given that this strategy has now proven successful in a large animal 
mandibular graft model, it indicates that the approach shows promise for clinical man-
dibular graft and skeletal reconstruction applications.

The overall observation is that a well-placed, stiffness-matched, fixation plate brings 
the following benefits:

(1)	 Reduced stiffness allows better engagement of the whole fixation plate and all of the 
screws, thereby avoiding stress concentrations.
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(2)	 Better engagement of the whole fixation plate and accurate screw planning reduces 
screw loosening. Better screw planning ensures that screws adjacent to a heavily 
loaded screw are not loosened. Instead, they are tightened.

(3)	 Screw stability is enhanced through accurate bicortical screw placement and mod-
ulating screw orientation (i.e., not all in the same plane). Screw orientation is fur-
ther enhanced when the fixation plate is designed, if possible, to wrap around the 
bone.

(4)	 Designing the fixation plate to wrap around the bone helps keep the host and graft 
bone fragments in compression during loading, which is likely to speed the healing 
process.

We anticipate that a biomechanically informed VSP session that simulates post-opera-
tive performance can optimize screw planning as well as the surgeon’s choices of fixation 
plate location, size, shape (i.e., internal pore geometry and external surface shape), and 
material. In addition to providing cutting guides or intra-operative guidance to deploy 
personalized fixation, VSP that includes biomechanical modeling can help minimize fix-
ation hardware interruption of normal stress–strain trajectories once the grafted bone 
has fully healed in place. Allowing restoration of normal loading should avoid future 
stress shielding-induced bone loss or stress-concentration-induced device failure, espe-
cially cyclic loading-induced failure.

Materials and methods
Virtual surgical planning (VSP): skeletal geometry and biomechanical input into fixation 

shape and location decisions

A useful biomechanical model for VSP should consider all of the components involved, 
such as host bone, bone graft or grafts that fill(s) a defect, and the graft fixation device. 
Additionally, the structural performance of the assembly should then be evaluated under 
the anticipated chewing forces. This comprehensive analysis assists in the selection of 
suitable hardware shape, location, and material properties, thereby preventing harm-
ful stress shielding of the adjacent  bone and stress concentrations within the device. 
To create this model, an outer surface image of the skull and mandible, derived from 
a 3D computed tomography (CT) image, was converted to a solid object composed of 
a tetrahedral mesh with assigned mechanical properties (i.e., a finite element model or 
FEM). The geometry and mechanical properties of the masticatory anatomy that is to 
be surgically reconstructed can be directly derived from 3D CT data [41]. This approach 
aims to design a personalized fixation device that facilitates bone graft and adjacent host 
bone healing, while not interrupting, or minimally interrupting, the normal masticatory 
stress–strain trajectories of the bone once it has healed.

VSP: biomechanical input into material choice and shape modulation

The initial step in the modeling process entails detecting the surface where the fixation 
plate will be positioned (Fig. 3a), followed by the precise modeling of the fixation plate to 
ensure that it sits flush with the bone surface (Fig. 3b).

The methods for the creation of a personalized model of mastication based on a 3D 
CT image have been presented in our previous work [32]. The model simulates the 
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maximum chewing force at the M1 on the treated side, as seen in Fig. 4. This task begins 
with obtaining masticatory muscle vectors (i.e., the direction of pull) and force magni-
tude (i.e., chewing strength). The muscles considered for the model are masseter, medial 
pterygoid and temporalis (Fig. 4). Muscle force magnitude is directly inferred from the 
maximum cross-sectional area of each muscle [42]. Furthermore, the effect of the con-
dylar process is simulated by restraining the motion at the mandibular condyles. Next, a 
model for maximum occlusal force is simulated based on biomechanical data [43–45]. 
Then, the design  of a personalized fixation plate is evaluated in this biomechanical 
model to simulate the surgical outcome and make the best selection. Stress concentra-
tions occurring in thin areas of a fixation device or a gap between the plate and the bone 
surface are to be avoided.

The objective of this study was to restore the normal loading patterns, once the bone 
has healed, despite the presence of CMF fixation, which is solely intended to secure the 
bone graft during the healing process with the host bone. The fixation must be stronger 
than the surrounding bone, to hold it in place while healing. Nevertheless, it must also 
possess enough flexibility to fully engage the entire plate and all of the screws needed 
to maintain compression between the graft and adjacent bone, with minimal micromo-
tion at the osteotomy sites, under all loads. It has been reported that micromotion at the 
osteotomy (healing) sites must be kept under 300–400 µm [34].

Sheep model: polled Dorset sheep

In this study, our human simulation of mastication was translated to a sheep model for 
mandibular graft fixation [46]. This animal model takes advantage of the fact that the 
diastema region of the sheep mandible can be removed and immediately placed back 
without removing teeth (Fig.  3), as would be required with most other relevant large 
mammal models. In addition, it allows the dimensions of the fixation hardware to be 
similar to that used in humans. While the ossification centers of the sheep mandible are 
closed before birth [46], growth continues through the period when dental maturity is 

Fig. 4  Finite element model representing the direction of the three main masticatory muscles (masseter, 
medial pterygoid and temporalis), and the motion restraint points (condyles and first molar)
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obtained. The bone mineral composition of the sheep mandible and its rate of bone heal-
ing do not differ significantly from humans [47, 48]. Other researchers have used a sheep 
mandibular graft model to study the regeneration of load-bearing, skeletal, segmental 
defects (i.e., the osteotomized bone is replaced with a tissue-engineered artificial graft) 
[49–51].

This study involved the use of five polled Dorset sheep, with four animals serv-
ing as experimental subjects and one serving as a control. The polled Dorset strain of 
sheep used in this study was developed at North Carolina State University, while the 
sheep themselves were sourced from The Ohio State University (OSU) herd located in 
Wooster, OH, USA. Due to the notable variation observed between ewes and wethers 
compared to other strains, females were exclusively utilized for the study [37].

Sheep model: design and fabrication of personalized (shape, location, material properties), 

additively manufactured NiTi mandibular graft fixation plate performance

The personalized mandibular plate was designed in a VSP environment employ-
ing Materialise Mimics software (Leuven, Belgium). Sheep 3D CT scans were used to 
segment the mandibular bone and create a surface mesh. For the plate design, first, a 
17.5-mm-long osteotomy was digitally performed on the left diastema of the mandible. 
That resected bone was then replaced in its original location, mimicking a bone graft. 
The location of the form-fitted plate was designed so that three screw holes were located 
on the host bone, anterior and posterior to the graft, and the two central screw holes 
were located at the bone graft. Hence, the plate began posterosuperiorly to the graft, 
immediately anterior to the first premolar roots, then curved down to the inferior bor-
der of the mandible immediately anterior to the graft. This “wrap-around” geometry of 
the plate helps ensure that loading will bring about compression, rather than tension or 
spreading, at the osteotomy sites. The design of the fixation plate involved virtual screw 
planning to ensure maximum capture of the mandibular cortices (i.e., bicortical) proxi-
mal and distal to all screw heads (Fig. 3f ). The designed plate is 3 mm thick, which is 
near the maximum thickness for current Ti–6Al–4V plates used in CMF reconstruction 
procedures, and 60 mm long.

In order to optimize the stiffness of the plate, our basic design for these fixation plates 
considers two components: (a) an outer solid “shell” with threaded, countersunk, solid 
screw-eyes for Ti–6Al–4V locking screws (provided by KLS Martin, Tuttlingen, Ger-
many) and (b) an internal porous “core”, where the pore geometry is used to modu-
late stiffness (Fig.  3c). The level of porosity was determined by using the previously 
described biomechanical model of chewing [32], with maximum occlusion at the first 
molar of the engrafted sheep mandible, provoked by the three muscles responsible for 
mandible clenching: masseter, pterygoid, and temporalis. The FEM was built and solved 
in ABAQUS software (Dassault Systèmes, Waltham, MA). The mechanical properties 
(e.g., elastic modulus) of the plate were varied to obtain an optimal micromotion for 
bone healing. According to the literature, a maximum micromotion or 150 µm should 
be allowed for primary bone healing, either in the anterior or posterior osteotomy site 
(superiorly or inferiorly) [42]. However, this work aimed for a third of the micromo-
tion threshold (50 µm) to neglect any effect due to model uncertainties. Ti64 and NiTi 
were modeled as linear and superelastic materials (user-defined material subroutine) 
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[52], respectively. Furthermore, theoretic materials with elastic modulus of 30, 10 and 
5 GPa were evaluated. Once the micromotion goal is obtained, the pore and strut size 
of orthogonally oriented strut infill is selected and computationally assessed to meet the 
desired stiffness. The elastic modulus and preliminary FEM results are shown in Table 1. 
A hypothetical plate with a 5 GPa Young’s modulus maintained a maximum interfrag-
mentary motion of 45 µm. Based on previous work, an orthogonal structure, with struts 
of 300 µm diameter interspersed by 300 µm pores, shows a stiffness close to 5 GPa [52]. 
When the porous plate is evaluated, the interfragmentary motion results in 44 µm.

Sixteen of the same fixation plates were additively manufactured in a Phenix Systems 
PXM (3D Systems, Rock Hill, SC) laser beam powder bed fusion (LPBF) 3D printer. The 
NiTi powder used was Ni50.1-Ti Eckart TLS GmbH (Bitterfeld-Wolfen, Germany). The 
powder was sieved before printing to ensure a particle size range between 20 and 75 µm. 
The LPBF process was carried out under a laser power of 250 W and a layer thickness of 
30 µm. After the AM process, the fabricated parts were post-processed via chemical pol-
ishing to enhance the accuracy of the porous infill (Fig. 3d) using the method shown in 
previous work [53]. Thread milling was done on a 5-axis CNC at Vertex Manufacturing 
(Cincinnati, OH, USA).

Following the fixation plate design and location, a personalized osteotomy  cutting 
guide (Fig. 3e) for the 17.5-mm osteotomized bone flap was designed for the NiTi plates 
using computer-simulated osteotomy and screw hole sites. The osteotomy cutting guide 
was fabricated via Stereolithography (SLA) AM with sterilizable Formlabs BioMed 
Amber resin on a Formlabs SLA 3D printer (Formlabs, Somerville, MA, USA). The goal 
of the cutting guide is to aid the physician during the surgical procedure with bone cut-
ting and locating screw sites so that the fixation plate will behave as simulated via FEA.

Surgical protocol

The mandibular graft fixation implantation surgeries of the five sheep specimens were 
performed by the same surgeon (HE). The surgical procedure involves cutting the bone 
while the screws and plate remain in position, thereby achieving a planned gap. The sur-
gical procedure incorporated the use of four 3D-printed NiTi fixation plates and one 
standard-of-care, manually bent, Ti–6Al–4V fixation plate. These surgeries followed 

Table 1  Mechanical properties assigned to a hypothetical solid plate and the resulting micromotion 
seen at the osteotomy site

Plate Bottom area micromotion, μm Top area 
micromotion, 
μm

Bulk Ti64, 120 GPa 14 2.3

Bulk NiTi, 62.5 GPa 27 33

Bulk, 30 GPa 18 15.9

Bulk, 10 GPa 23.5 32.5

Bulk, 5 GPa 38 45

Porous plate (38%) Ti64, 120 GPa 32 37

Porous plate (38%) NiTi, 62.5 GPa 36 44
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Ohio State University IACUC-approved protocol #2019A00000143, “Additive Manufac-
ture of Stiffness-Matched Mandibular Graft Fixation Hardware”.

The procedure began after the sheep was anesthetized and intubated. Next, an oro-
gastric tube was placed as a vent to control eructation. Sterile technique was followed 
beginning with the skin and fascia being incised to access the diastema region of the 
mandible. Using the aforementioned, personalized cutting guide, two lines orthogonal to 
the diastema were marked on the bone to guide the positions of the fixation screw holes, 
bone-cutting locations, and screws were marked and then the screw holes were tapped. 
Next, the fixation plate was screwed in place. This was followed by the use of an oscillat-
ing saw to perform the two osteotomies previously marked 17.5 mm apart in the dias-
tema region of the left mandible. These two osteotomies completely freed the previously 
marked bone, which was used as the bone graft for later healing. The osteotomies were 
performed with careful attention to the inferior alveolar neurovascular bundle and tooth 
roots. After ensuring that there were no blood vessels injured; the periosteum, fascia, 
and skin were then sutured and closed in layers. The oral cavity was inspected for any 
unintended puncture wounds to the oral mucosa. The procedure was successfully exe-
cuted in under four hours for all the five cases.

After surgery, each animal was given a clean and quiet space to rest and recuperate, 
promoting a conducive environment for healing. Post-operative care included regular 
check-ups, wound care, and pain management. The sheep were assessed regularly, three 
times per day for 2  days; two to three times on the third day; and at least once daily 
thereafter. The animals were carefully observed for any signs of complications or discom-
fort and wound and bone healing. Accordingly, adjustments were made to their treat-
ment plan. Along with post-operative care and monitoring, the oral cavity was flushed 
daily with an antiseptic solution for at least 2 days. Animals were weighed monthly and 
then sedated for imaging. Given that many large-mandibular fixation plates fail from 1 
to 3 years after implantation, the decision was made to allow specimens 3 and 4 to sur-
vive until 1 year [6].

Tracking post‑operative bone healing

Graft healing was tracked using histological and 3D CT imaging. Post-operative 3D CT 
scans were taken within 3 months following surgery and periodically thereafter, as often 
as every 2 weeks, until complete healing was achieved. Fixation plate integrity, callus for-
mation and retreat, and osteotomy bridging were carefully tracked via 3D CT.

Sacrifice and histology

Immediately following euthanasia, the engrafted mandible was dissected and preserved 
in formalin. Before shipping to the Orthopaedic Research Bioengineering Laboratory 
at Colorado State University (Ft. Collins, CO), for histological analysis, each mandible 
was cut in half in the sagittal plane. One control, an unoperated hemi-mandible, was 
processed, along with four experimental and one control hemi-mandible with a stand-
ard-of-care Ti–6Al–4V mandibular graft fixation plate and screws. Before histological 
processing, all hemi-mandibles were micro-CT-scanned at a resolution of 38 µm (Scanco 
vivaCT 80, Scanco USA Inc., Wayne, PA). Hard plastic embedding was performed. 
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Matching sagittal micro-CT views, and sections stained with Sanderson’s Rapid Bone 
Stain and counterstained with Van Gieson stain, were prepared.

Non-decalcified histological sections were taken in the sagittal plane of all speci-
mens. At least two sections were cut through each specimen with a band saw (Exakt 
310, Exakt Technologies, Oklahoma City, OK, SN: 081). Initial sections were taken 
using a diamond blade bone saw (Exakt Technologies) at a thickness of approximately 
300  µm. All sections were ground using microgrinders (Exakt Technologies, SNs: 
0206 and 0274) to 60–70  µm thickness. Slides were stained with Sanderson’s Rapid 
Bone stain which provides differentiation of cells within the section and allows detec-
tion of cartilage within the tissue, then counterstained using Van Gieson’s stain that 
allows differentiation of collagen and detection of bone (immature woven bone and 
mature lamellar bone) within the section.
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