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Abstract 

This study presents a metamodel-driven optimization of load-
adaptive Voronoi lattices for cranial implants using field-based 
control of geometric parameters. A metamodel was established 
by varying cell size in loaded and beam diameter in unloaded 
regions, enabling stiffness predictions with 1.2 % accuracy and a 
coefficient of prognosis of 0.86. Sensitivity analyses showed a 
strong influence of beam diameter (r = 0.94) and a moderate 
effect of cell size (r = –0.46) on the lattice stiffness. The optimized 
lattice achieved bone-like stiffness with a safety factor of 2.5 
under physiological loads, demonstrating the efficacy of Voronoi-
based, field-controlled design as design element in implants. 
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1. Introduction 

The integration of individualized therapy with bone replacement implants remains a 
substantial challenge in the design process. In the case of permanent implants, the emphasis 
is on precise adaptation to the stresses of the surrounding bone tissue to prevent bone loss 
induced by stress shielding. In this regard, alternative materials such as polyetheretherketon 
(PEEK), polymethylmethacrylat (PMMA), and calcium phosphate cements (CPC) have been 
utilized as alternatives to the bioinert materials CoCrMo and Ti6Al4V [1–4]. Lattice structures 
have also seen increased utilization in reducing stiffness gradients between implants and bone 
tissue or in serving as a matrix for facilitating bone ingrowth [3]. This enhancement of 
biomechanical integration has been demonstrated to be a key factor in reducing stress 
shielding.  

CPC implants with lattice structures are the subject of intensive research for the treatment 
of bone defects in the skull region [2, 5]. These implants are designed to support bone healing 
by specifically promoting the body's own bone formation during the decomposition of the 
material. As such, they represent one of the few forms of therapy for the body's own healing 
of large-area skull defects. However, due to its brittle material properties, CPC is susceptible 
to implant failure even under low loads. In response to these findings, Pendzik et al. [5] 
developed a hybrid implant concept that combines a supporting structure with a carrier made 
of PEEK or PMMA. This combination was designed to improve the load-bearing capacity and 
implantability of cranial CPC implants. However, these implants remain vulnerable to external 
stresses, necessitating the implementation of supplementary protective measures, such as 
helmet use, until the complete resolution of the CPC. Furthermore, the inadequate load-
bearing capacity of CPC diminishes the acceptance of such implants in cranial skull care. A 
potential strategy to enhance this acceptance is the implementation of temporary protective 
implants, which ensure the safety and stability of the implant until complete resorption of the 
CPC.In this context, lattice structures designed specifically according to the principles of load 
adaptation are becoming increasingly important [3, 6–8]. Koch [9] proposes a categorization 
of lattice structures into three types: regular, pseudoperiodic, and irregular. The irregular type 
is particularly advantageous due to its flexibility in design and adaptation to different 
requirements. Irregular lattice structures, particularly those derived from Voronoi diagrams, 
hold considerable promise due to their foundation on the distribution of seed points within the 
design space. This characteristic facilitates precise modulation of stiffness [4, 6–8]. The 
topology of Voronoi structures can be defined by the number and arrangement of seed points, 
with the cell shape being described by a cell metric that includes its size, aspect ratio, 
orientation, and the number and length of edges and pore sizes [9].The utilization of scalar 
field functions facilitates the arrangement of these cells, thereby establishing a heterogeneous 
structure and modulating the stiffness within the implant in accordance with the inherent 
characteristics of the natural bone structure [7]. This adjustment facilitates the emulation of the 
stiffness of the bone to be replaced, thereby minimizing bone remodeling initiated by stress 
shielding [3].  

This investigation explores the design of Voronoi lattices to ensure the desired stiffness of 
the replacement bone while maintaining minimal component height, thereby facilitating an 
implant design that conforms to the contours of the skull. The goal of this research is to 
engineer an implant that provides a protective barrier for cranial CPC implants, shielding them 
from external forces until complete resorption has occurred. The finite element analysis (FEA) 
is employed to analyze the stiffness of different Voronoi structures using Ansys Mechanical. 
This analysis is used to develop an approach for controlling the design parameters that 
ensures bone-like stiffness of the lattice structure. For this purpose, a metamodel based on 
numerical investigations is being developed. This metamodel will significantly reduce 
development time in the future and enable the successful overcoming of the difficulties in 
development. 
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2. Material & Methods  

2.1. Data preparation  

For the present study, anonymized data sets from the AutoImplant Challenge [10, 11] were 
utilized. The data set employed (sub11) is available in Nearly Raw Raster Data (NRRD) format 
and has a layer spacing of 1.2325 mm and a pixel spacing of 0.4883 mm. The extraction of 
the skull bone and the implant body that closed the defect was achieved by selecting an 
appropriate threshold value and creating isosurfaces using the Marching Cubes algorithm. 
These surfaces were then saved in STL format. This was imported into the nTop software and 
converted into a voxel grid with a grain size of 0.1 mm. Subsequently, the grid was subjected 
to a linear smoothing algorithm, employing a grain size of 1 mm. The mean distance to the 
original data was 0.28 mm, indicating that, despite the smoothing, a low deviation from the 
original data was maintained. Furthermore, all patient data was aligned according to the 
fracture, thereby defining reproducible, patient-specific coordinate systems in the area of the 
bone defect. The origin of this coordinate system is defined by the center of mass of the implant 
body closing the bone defect, which is projected onto the outer surface. The Z-axis is defined 
by the surface normal at this particular point, while the X-axis is defined by the direction vector 
of the furthest point of the defect. This coordinate system functions as a global reference 
system in the investigation. As the available data did not include information regarding the 
thickness of the cortical bone in isolation, this was defined by a field function based on the 
investigative results of Lillie et al. [12]. The thickness of the cortex decreases from the face to 
the back of the head. Therefore, the model is developed using a distance field along the Y-
axis of the global coordinate system. The thickness of the cortex in the parietal region of the 
skull is defined as between 1 mm and 1.13 mm according to the results of Lillie et al. [12].  

2.2. Geometry synthesis of load adaptive Voronoi lattice  

The employment of Voronoi diagrams in the design of load-adaptive lattice structures has 
been demonstrated to exhibit considerable promise, as substantiated by Koch [9]. The Voronoi 
structure can be subdivided into two-dimensional and three-dimensional structures. In this 
study, form-following two-dimensional (2D) Voronoi diagrams are employed to generate lattice 
structures with a circular cross-section. The software nTop is used to create three-dimensional 
models. The structure is characterized by the distribution of points along the external surface 
of the bone fragment. Consequently, the points are distributed randomly on the surface using 
a random seed. In this study, a random distribution of points was employed, with random seeds 
1 and 30 relaxation iterations for the most uniform distribution of seed points in nTop. 

A control field is defined to achieve heterogeneous cell sizes and beam diameters. The 
configuration of this control field is predicated on the total deformation of the bone fragment 
intended for replacement. For this purpose, the simulation data from Ansys Mechanical is 
imported into nTop as a point cloud and converted into a scalar field (Fig. 1, left). Subsequently, 
the deformations are normalized to define the control field within the scale range of 0 to 1  
(Fig. 1, middle left). The cell size (CS) (Fig. 1, middle right) is subsequently described based 
on the control field utilizing a scalar field, wherein CSmin signifies the minimum seed point 
spacing and, consequently, the minimum cell size, and CSmax delineates the maximum cell 
size. These values are mapped onto the control field, and all values in between are determined 
by linear interpolation. This delineates a continuous scalar field of the cell size. The same 
procedure is used for the beam diameter (d) (Fig. 1 right). In regions exhibiting high levels of 
stress (control field = 1), cells are defined by a maximum seed point spacing (CSmax) of 10 mm 
or less and a maximum beam diameter (dmax) of 10 mm or less. In the unloaded areas (control 
field = 0), a CSmin ≥ 1.5 mm and dmin ≥ 0.5 mm are defined. It is evident that this also serves 
as a preventative measure against cell closure, a phenomenon that can arise due to 
unfavorable combinations of beam diameter and cell size. 
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Furthermore, a maximum seed point quantity of 500 is delineated to ensure sufficient 
flexibility in reacting to load cases, as smaller seed point quantities yield a reduced number of 
cells, thereby diminishing the structural response to load cases. The adaptive structure is thus 
described by four global structure parameters: the minimum and maximum beam diameter and 
the minimum and maximum seed point spacing, which describe the cell size. 

 
Fig. 1: Design approach for load-adaptive design of Voronoi lattices for cranial implants 

The values enumerated for the parameters of the adaptive Voronoi structure signify the 
maximum and minimum values of the respective parameters. The objective of the present 
study is to replace the bone stiffness of the missing bone area. Therefore, full factorial 
parameter studies are carried out for these structural parameters. It is first considered that dmax 
= 2 mm and CSmin = 1.5 mm are defined as constants. Next, it is considered that CSmax = [5.0, 
7.5, 10.0] mm and dmin = [0.5, 0.75, 1.0] mm are varied as discrete variables with interval scale 
levels. This parameter definition ensures that the structures can be manufactured. A total of 
nine design samples are derived (Tab. 1), which correspond to adaptively adjusted lattice 
structures, taking these different parameter values into account. Moreover, the mass (mLattice) 
and porosity were determined based on geometry models. Subsequently, these specimens 
are examined under identical load conditions to determine the structural stiffness.       

Tab. 1: Design sampling of different load-adapted Voronoi structures  

ID 1 2 3 4 5 6 7 8 9 
dmin [mm] 0.50 0.75 1.00 0.50 0.75 1.00 0.50 0.75 1.00 
CSmax [mm] 5.00 5.00 5.00 7.50 7.50 7.50 10.0 10.0 10.0 
mLattice [g] 6.05 8.41 11.1 5.53 7.83 10.5 5.10 7.38 10.0 
Porosity [%] 61.3 54.9 48.6 64.8 58.0 51.2 67.3 60.4 53.7 

 
In addition to the lattice structures, a solid contour is defined as the edge structure for the 

implant, which acts as a protective component, enabling continuous contact with the skull 
bone. The configuration of the edge structure is determined by the specific fracture 
characteristics of each individual fracture. The application of various discretization steps, 
including CT imaging and surface modeling, results in the formation of a discrepancy between 
the bone fragment (Fig. 2, left, yellow) and the skull bone (Fig. 2, left, gray). Consequently, a 
distance field (Fig. 2, left) is generated based on this gap and constrained by two thresholds: 
0 mm (bone fragment) and 4 mm (skull bone). This distance field is employed to thicken the 
bone fragment, thereby closing the gap with an accurate contour (Fig. 2, middle, yellow). 
Subsequent to this, employing Boolean operations, the volume of the bone fragment and the 
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skull bone is subtracted from the resulting geometry. The resulting geometry (Fig. 2, right, blue) 
is then smoothed and combined with the volume of the lattice structure (Fig. 2, right, red) using 
Boolean union. 

In this investigation, the contour width was simplified to generate the edge contour. In order 
to compare the stiffness between the bone fragment and the implant, the contour width in this 
investigation was set equal to the bone thickness. This ensured that the contact conditions in 
the stiffness investigations were equivalent. However, this simplification does not impact the 
stiffness investigations of the lattice structures, as the stiffness determination evaluates the 
resistance of the stamp displacement to the lattice structure. The edge area does not interfere 
with the lattice structure in this regard. To facilitate a comprehensive analysis of the bone's 
overall structure and its deformation behavior, it is imperative to modify the edge structure 
through additional refinements.     

 
Fig. 2: Synthesis of conture geometry and design of load-adpated cranial implant 

2.3. Simulation model 

In the current state, there are no standard load scenarios for designing and testing the load-
bearing capacity of skull bone replacement implants. This is due to the fact that different 
scenarios may be relevant depending on the area of the skull to be replaced and the loads that 
occur in everyday life and during sporting activities. Therefore, a static pressure load that can 
be reproduced experimentally was selected as the scenario and implemented in Ansys 
Mechanical (version 2024 R2) (Fig. 3).  

The implant and the bone fragment to be replaced are loaded at the center of mass and 
projected onto the surface by a stamp with a quasi-static displacement (sStemp) of max. 0.3 
mm. The stamp features a spherical tip with a radius of 12.5 mm. The implant is situated on a 
fixed base plate. It is assumed that both the stamp and the base plate are rigid bodies. For the 
purpose of modeling the contacts between the inspected object and the stamp (Fig. 3, green) 
and between the inspected object and the base plate (Fig. 3, yellow), frictionless contact is 
assumed. The contact surfaces are additionally adjusted to touch in order to mitigate the 
influence of the contact reaction forces on the measurements. The reaction forces occurring 
in the stamp are calculated for a total displacement of 0.3 mm for the bone fragment (Fig. 3, 
circle) and the lattice design variants (Tab. 1). The structural stiffness is then derived from the 
ratio of the displacement and the reaction force.  
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Fig. 3: Simulation model for structural stiffness investigation 

The titanium alloy (Ti6Al4V) is specified for the implants, which is realized by an 
elastoplastic material model with a bilinear isotropic hardening model (Tab. 2). This model is 
employed to map elastoplastic deformation states during investigations of the various lattice 
structures (Tab. 1). For the material models of the bone (Fig. 3, circle), the results of the 
investigations by Schröter et al. [13] for the cortical bone and Wagoner et al. [14] for the 
cancellous bone were used (Tab. 2). 

Tab. 2: Material models for FEA 

Material Density 
[kg/m³] 

Young's 
modulus [GPa] 

Poisson's 
ratio v 

Tensile yield 
strength [MPa] 

Tangent 
modulus [GPa] 

Cortical Bone 1900 16 0.46 100  
Cancellous Bone 150 0.3 0.3 3  
Ti6Al4V 4405 107 0.323 1098 1332 

 
Mesh independence study  

In order to estimate numerical inaccuracies in the simulation model caused by 
discretization errors, a mesh independence study is performed on a simplified lattice structure 
with 100 seed points and a bar diameter of 0.5 mm. The representation of thin bars in the mesh 
is the greatest challenge in the meshing of lattice structures. Tetrahedrons with a quadratic 
approximation function were utilized for meshing. The element sizes of the meshes were 1 mm 
(M1), 0.5 mm (M2), and 0.25 mm (M3). Subsequently, employing a mesh with an element size 
of 0.5 mm, the deviation of the determined reaction forces and the equivalent maximum 
stresses that occurred were determined. The maximum reaction force between M1 and M2 
exhibited a deviation of 0.43 %, while the stresses demonstrated a deviation of 7 %. 
Conversely, the discrepancy between M2 and M3 diminished considerably, with the reaction 
force exhibiting a deviation of 0.17 % and the stress a deviation of 0.26 %. This signifies that 
the simulations are executed employing the M2 element size.   
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3. Results 

For all design variants (Tab. 1), the reaction force was determined via the stamp 
displacement (Fig. 4). Furthermore, the curve of the bone fragment to be replaced was plotted 
as the target curve, with a maximal force of 153.87 N at 0.3 mm stamp displacement (Fig. 4, 
blue). Design 3 (Fig. 4, yellow) demonstrated the highest degree of resistance to deformation 
with 240.3 N, while Design 4 exhibited the lowest degree of resistance to deformation with 
133.0 N (Fig. 4, green). It is evident that the curves of design 1 (Fig. 4, light blue) and design 
3 (Fig. 4, yellow) deviate from the other curves. This is due to a change in the contact status 
of these designs, specifically in one contact between the base plate and the implant. However, 
this lifting off of the implant has no effect on the maximum structural lattice stiffness. 

 
Fig. 4: Force-displacement curve of every design variation and the bone fragment 

In light of these findings, the maximum stiffness of the structures under this load was also 
examined. Subsequently, a response surface was created using second-order polynomial 
approaches, and the corresponding mass of the design variants was plotted on the response 
surface using a mapped color map (Fig. 5). Additionally, the isoline for bone stiffness, which 
was determined to be 512.86 N∙mm-1, was represented by a black line. Therefore, it is evident 
that the metamodel can be utilized to investigate the optimal design parameters for the 
adaptive design of Voronoi structures along the isoline. The objective is to map bone-like 
stiffness with the lattice structure by minimal mass of implant. The optimal design is 
characterized by a minimum beam diameter of 0.62 mm and a maximum cell size of 9.65 mm 
(Fig. 5, yellow circle) and has a predicted minimum mass of 6.23 g, which lies within the 
bootstrapped 95% confidence interval of [5.17, 6.66] g (mean: 5.87 g), indicating reasonable 
consistency between model prediction and resampled estimates. The predicted porosity of the 
lattice structure is 63.5 %. 
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Fig. 5: Metamodel of design parameter for load-adaptive Voronoi structure replicating bone stiffness 

Consequently, the mass-optimized design was evaluated under identical conditions, 
resulting in a calculated stiffness of 506.3 N∙mm-1. The maximum equivalent stress (σV) of the 
implant structure is 431 MPa (Fig. 6a), which corresponds to a safety factor (FoS) of 2.5 (Fig. 
6b). When subjected to an identical load, the bone fragment demonstrated a comparative 
stress of 150 MPa, which corresponds to a safety factor of 1. Moreover, the implant was 
inserted into the skull bone model to verify the fit in accordance with the aesthetic boundary 
conditions (Fig. 6c). 

 
Fig. 6: a) Equivalent stress of the optimized cranial implant; b) factor of safety for Ti6Al4V; c) fit verification of the 

optimized cranial implant 
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4. Discussion 

The findings of this study demonstrate that the stiffness of Voronoi lattice structures can be 
accurately and load-adaptively adjusted through the implementation of implicit methods and 
field-based control of the geometric parameters. The investigations confirm that a differentiated 
design is necessary to achieve minimum component masses and high porosities with a given 
structural stiffness. In areas with significant loading and substantial deformations, the utilization 
of large cells with thick beams is recommended. Conversely, in areas with minimal loading, 
the employment of small cells with thin beams is advantageous. The developed metamodel, 
based on minimal sampling quantities, enables the required design parameters for a target 
stiffness to be predicted with an accuracy of 1.28 % and a coefficient of prognosis of 0.86. 
Consequently, it offers an effective foundation for the design of load-adapted lattice structures. 

The sensitivity analyses demonstrate that CSmax has a moderate effect on structural 
stiffness (r = -0.46). Consequently, a decrease in cell size in loaded areas results in a modest 
increase in stiffness. Conversely, dmin exhibited a robust linear correlation with stiffness (r = 
0.94), underscoring the preeminent impact of this parameter on the mechanical properties. 
Additionally, the findings suggest analogous patterns in the impact of the parameters on mass 
and porosity. Given the direct proportionality between mass and stiffness, as well as the 
indirect proportionality between porosity and mass, it can be concluded that the observed 
sensitivities are largely reflected in these target variables. However, in the context of structural 
porosity, there is a marginal deviation from this norm, as evidenced by the slightly different 
parameters CSmax (r = 0.54) and dmin (r = -0.94). Consequently, minimizing the mass invariably 
results in maximizing the porosity. These sensitivities are reflected in the selection of the 
optimal design parameters. The objective was to achieve a bone-like stiffness with minimum 
mass. To this end, CSmax was reduced by 3.5 % of the maximum cell size, and dmin was 
increased by 24 % of the minimum possible diameter. 

The resulting Voronoi structure exhibited a stiffness of 506.3 N∙mm-1, which is comparable 
to that of the bone fragment, with a deviation of only 1.28 %. This deviation is primarily 
attributable to the limited number of data points available for the metamodel, a deficiency that 
can be resolved in the future through the incorporation of additional data. The failure limit of 
the bone was also considered in this study. The optimized lattice structure achieves a factor 
of safety of up to 2.5 under the same load, and therefore, it can withstand loads of up to 375 
N without plastic deformation. Consequently, the implant is within the load range specified by 
Khan [15]. The high porosity of the Ti alloy lattice also reduces artifacts in CT images [16], 
which is particularly important for skull defects with CPC implants in order to better monitor 
bone regeneration. The results demonstrate the efficacy of Voronoi diagrams in generating 
load-adaptive lattice structures, facilitating the realization of implants with bone-like stiffness, 
even in limited implantation spaces. 

5. Conclusion 

This work systematically investigated the suitability of Voronoi structures as structural 
elements for protective components of cranial hybrid implants and their load-adaptive design. 
A metamodel was developed that enables the design of load-adaptive Voronoi lattices with a 
prediction accuracy of 1.2 %. This metamodel was developed by varying the parameters of 
maximum cell size in loaded areas and minimum beam diameter in unloaded areas. This 
enables the precise calibration of stiffness, contingent upon other target variables, including 
mass and porosity. The selected parameters yielded a mass-optimized Voronoi lattice with 
bone-like stiffness, capable of withstanding significantly higher loads than the replaced bone 
fragment due to a safety factor of 2.5. This finding underscores the efficacy of Voronoi-based 
load-adaptive design in the efficient dimensional estimation of protective implants.  
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Beyond the geometric parameters investigated, the Voronoi diagram offers additional 
design parameters that should be integrated into the metamodel in future work to further 
improve adaptation to specific load scenarios. Furthermore, material substitutions, such as 
PEEK or PMMA, should be investigated to realize alternative protective implants with reduced 
allergy risk and new manufacturing possibilities. 
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