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Introduction – The cranioplasty consists in the reconstructive surgery of structural or morphological 

cranial defects, due to several causes, such as infections with osteomyelitis, congenital malformation, 

trauma with fractures, decompressive craniotomies, cranial tumor resection, degenerative pathologies [1]. 

Recently, in order to produce custom made implants, the additive manufacturing approach has been 

proposed as a promising alternative to the traditional strategy, based on the use of hand malleable pastes 

to be intra-operatively shaped to fit the patient's cranial defect contours. Indeed, this custom-made 

approach presents several advantages, such as reduced morbidity, lower infection/inflammation risk, 

shorter operation times, higher aesthetical results, less blood loss, better correspondence between the 

custom made implant and the defect contours [2]. Even if several materials have been tested for the 

production of cranial implants, no one has satisfied all the necessary requirements, up to date [3]. In this 

framework, in the context of the project entitled “Sensorised Innovative Systems by Additive 

Manufacturing for Cranioplasty” (Call POR FESR 2014–2020 ‘Gruppi di Ricerca’), financed by Lazio 

Region, we designed and printed by fused deposition modelling (FDM) technique innovative polymeric 

scaffolds characterized by a graded structure. In order to avoid the occurrence of a post surgery 

inflammation reaction and to improve their osteointegration, the obtained scaffold were properly 

functionalized and fully characterized from the physico-chemical and biological points of view. 

 

2. Experimental – Selected polymers (i.e., polylactid acid (PLA), polymethylmethacrylate (PMMA), 

polycaprolactone (PCL)) were printed by FDM, properly identifying the optimal parameters, in terms of 

extrusion and bed temperatures, printing speed and flow. Specific graded shapes were modelled by 3D 

design software (Autodesk Inventor), and seven different pattern depositions, provided by the slicer (i.e. 

Line, Grid, Gyroids, Concentric, Octet, Triangle, Zig-Zag), were tested in order to identify the optimal 

one, in terms of mechanical behaviour and biological responsiveness. Optimized functionalisation 

procedures were set up, in order to obtain a uniform bioactive and osteconductive coating on the surface 

of the scaffolds, as well as a suitable antibiotic/anti-inflammatory agents loading. The efficacy of the 

optimized functionalisation procedures was demonstrated by observation at scanning electron microscopy 

(SEM), infrared spectroscopy (FTIR/ATR), X-ray diffraction (XRD), and release kinetics tests. The 

thermal properties of the printed samples, as well as of the raw filaments, were investigated by 

differential scanning calorimetry (DSC), the mechanical properties by means of tensile and compression 

tests, the cytotoxicity by MTT assay, the osteoblastic differentiation capability by in vitro cell tests with 

preosteoblasts.  

 

3. Results and Discussion – The optimal printing parameters were identified. The selected different 

geometries were obtained. The influence of the printing process on the material thermal properties was 

verified by DSC measurements, evidencing a shift to lower glass transition temperature values in the case 

of printed scaffold with respect to the raw filament. Tensile test results evidenced that among the 

considered deposition patterns, Line pattern allowed to obtain the highest elastic modulus and yield stress. 

Uniform bioactive coatings were deposited on the scaffold surface, and a homogeneous loading of anti-

inflammatory agents was achieved. According to the biological tests, all the investigated materials were 

not cytotoxic, and were able to promote the osteoblastic differentiation. 

 

4. Conclusions – Graded scaffolds with different deposition patterns were successfully obtained. The 

efficacy of the functionalisation protocols was demonstrated. An effective influence of the process on the 

thermal properties of the material was revealed. Line pattern was identified as the deposition pattern 

appropriate to provide the best mechanical properties. From the biological point of view, no significant 

differences were revealed among the tested deposition patterns. 
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