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Abstract 

Orthoses are additional devices that help people with disabilities. 
The focus of this work is the design and manufacture of a new customized elbow    
orthosis completely made by Additive Manufacturing (AM). One of the innovative 
characteristic of the device is the use of torsion springs that simulate the action of 
physiotherapists during exercises for patient rehabilitation. Parametric modeling ap-
proach based on generative algorithms was used to design the device. 
Finally, FEM analyses have been performed to validate the design. 
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1 Introduction 

Orthoses are external medical devices used in orthopedics in the treatment of some 
pathologies to correct a functional anomaly, but which don’t replace missing ana-
tomic parts. These devices limit the relative movements in a joint affected, for exam-
ple, by trauma, arthrosis, ligament sprains or that has been subjected to surgery. For 
patients with disabilities that induce functional limitations, orthoses are employed to 
apply forces on the body for biomechanical needs by helping patients during walking 
and limb movement. 
Orthoses can be prefabricated or customized. The prefabricated ones are less expen-
sive and readily available on the market. Customized orthoses, instead, are better 
adapted to the patient's body than the prefabricated devices and ensure better perfor-
mances [1, 2]. 
The fundamental aspects in the design of customized orthoses are functionality, 
ergonomics and aesthetics. Designing an orthosis by combining all three of these 
aspects means being able to make a prosthetic device that fully meets the needs of 
patients. Additive Manufacturing (AM) is a suitable technology to make customized 
orthoses, especially for its ability to realize complex shapes in a short time and with 
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lower costs than manual fabrication [3-7]. Most of the orthoses on the market are 
prefabricated devices that can be adapted to different sizes by means of appropriate 
bands or other methods. Most of the commercial orthoses are only partially realized 
with AM technologies and then assembled to constitute the final device, with a 
consequent increase in production phases and costs depending on the particular 
orthosis to be made. In the literature there are different works about wrist orthoses [8], 
foot orthoses [9] and hip orthoses [10], but there is not much information about the 
customized elbow orthosis completely manufactured using techniques of AM. 
For this reason, this work focuses on the study of an elbow orthosis. 
The aim of this work is the design of a new customized elbow orthosis completely 
manufacturable by AM and the implementation of generative algorithms for 
parametric modeling and creation of 3D patterns to be adapted to the CAD model.  
The present work has been divided into four main steps. The first step consists of the 
3D acquisition process and then the realization of the CAD model of the arm of a pa-
tient. In the second step, the CAD modeling of the customized orthosis has been per-
formed. During this step, generative algorithms have been developed for the realiza-
tion of a Voronoi tessellation and for the creation of patterns with different modules 
in order to better customize the device. In the third step, the prototype of the orthosis 
has been realized using AM techniques. In particular, the Selective Laser Sintering 
(SLS) process with PA 2200 material has been used. Finally, results obtained by the 
FEM   analyses performed during the last step were used to validate the design.  

2 New model of elbow orthosis 

The basic idea of this work is to design of a new customized elbow orthosis manufac-
tured entirely by AM technology, able to help patients during the rehabilitation phase. 
One of the fundamental exercises during the rehabilitation of the patient is the execu-
tion of flexion and extension movements of the forearm (Figure 1) that help to slowly 
return to the full functionality and mobility of the arm. Starting from the neutral posi-
tion (angle between arm and forearm of 90°) during the flexion and extension move-
ments the physiotherapist opposes resistance. After, to return to the neutral position, 
the patient is eased by the physiotherapist. 

 

Fig. 1 – Flexion and extension movements of the forearm 
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In order to simulate this rehabilitation exercise, with no support of physiotherapists, it 
was decided to apply two torsion springs to the orthosis that oppose resistance during 
the flexion and extension movements and help the patient to move the arm until to 
reach the neutral position. In this way the patient can carry out itself the rehabilitation 
exercise.  
The spring have been chosen taking into account that the patient, during the rehabili-
tation phase, should not lift weights more than 5 kg. 

3 3D acquisition and CAD modeling of the arm  

In order to model correctly the shape of the patient's arm, and in particular the elbow 
area, it was decided to reproduce a copy of it using a plaster cast. 
A direct acquisition of the patient's arm, in fact, could lead to a poor model or require 
very complex post-process phases due to the impossibility of keeping the patient's 
arm perfectly fixed during the whole scanning phase. 
To avoid these drawbacks, a plaster cast of the patient's arm has been made. Once the 
cast has been made, it was acquired using a 3D scanner, the ZScanner 800 by ZCor-
poration. 
This scanner has been chosen for its main features: the self-orienting and the          
possibility of moving the object during the scan. Thanks to the self-orienting feature, 
the scan system does not need a fixed position tripods, voluminous mechanical arms 
or external positioning devices, which make the acquisition of some hidden surfaces 
difficult or almost impossible.  
These characteristics have facilitated greatly the acquisition and post-processing 
phase, reducing the time required to obtain the digital model of the arm. 
The model obtained from the scan is only the part related to the elbow area. In order 
to model the remaining part of arm, a series of measurements of some sections of the 
arm have been made at different positions. Subsequently, it has been possible recon-
structed the entire model of the arm by means of a loft function.  
 

 

Fig. 2 – CAD Model of the arm surface 
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4 CAD modeling of the orthosis 

Customized orthoses, besides to adapt better to the patient, also allow optimizing their 
stiffness and flexibility to inhibit some movements and to integrate new morphologi-
cal characteristics. 
The modeling of a customized orthosis starts from the CAD model of the patient's 
arm. To ensure a good level of ergonomics, the orthosis should be perfectly adapted 
to the arm. However, it is also necessary to consider the presence of swelling of the 
patient's elbow and ensuring that the orthosis does not compress excessively, in order 
to avoid tissue inflammation or other undesired effects. 
Regarding the functionality, one of the aspects to be taken into consideration is the 
possibility for the patient to wear and remove the orthosis easily and independently, 
with no discomfort at the elbow. 
In order to meet the aforementioned ergonomics and wearability requirements,     
starting from the reconstructed surface of the arm, a 2 mm offset has been applied, en-
suring a small clearance between the arm and the orthosis; moreover, two openings 
have been made, so to allow both to wear the orthosis without problems and to in-
crease the adaptability.  
To ensure a suitable stiffness of the orthosis, but at the same time don’t add weigh to 
the entire device, preliminary, a thickness of 4 mm of the structure has been chosen. 
This value of thickness is usually adopted in commercial orthoses.  
The next step was the conversion of the model into NURBS surfaces and then into a 
CAD model. 
The relative rotation between the arm and forearm during the extension and flexion 
movements is ensured by a hinged mechanism. 
Obtained the basic CAD model of the orthosis, all the components have been       
modelled and assembled into the final CAD model of the orthosis by SolidWorks 
software. (Figure 3). 
 

  

Fig. 3 – CAD model of the elbow orthosis 
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4.1 Generative algorithms  

Generative algorithms allow finding solutions to problems that can be encountered 
with the classic CAD systems when complex shapes, especially when these would be 
realized using AM techniques [12-16], must be modelled. 
In this work, generative algorithms have been implemented for the modeling of non-
structural parts of the orthosis that, in addition to lightening the structure, must make 
the orthosis pleasant from an aesthetic point of view. 
Two different algorithms have been developed with Grasshopper [17,18]; the first al-
lows the creation of patterns on complex surfaces, the latter allows to realizing a Vo-
ronoi tessellation. 

4.1.1 Generative algorithm for creating patterns 

The developed algorithm allows users to create patterns on complex surfaces, so              
customizing the orthosis with different decorative geometries. 
The basic function generates different parallelepipeds on the surface, used as target 
objects, and maps on these the geometry to repeat. 
The target parallelepipeds have been generated to morph the component using the 
"Surface Box" function [17], adapting them to a surface based on the interval indicat-
ed by the surface domain and the height of the parallelepiped. 
The final result is the pattern created on the surface that is perfectly adapted to it and 
that follows its morphology on a regular basis. 
Figure 4 shows the block diagram of the developed algorithm. 
It is possible to modify the number of elements along the parameterization directions 
(U and V) and also to change the basic geometry. 
 

 

Fig. 4 – Block diagram of the implemented generative algorithm 

In figure 5 basic component to repeat (left) and pattern created with generative algo-
rithm are shown. 
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In figure 6 some examples of patterns created with this algorithm and applied to the 
elbow orthosis are shown.  

 

Fig. 5 – Example of basic component to repeat (left) and pattern created with generative algorithm 

                      

 

 

 

Fig. 6 – Examples of patterns that can be created and applied to the orthosis 

4.1.2 Voronoi tessellation by generative algorithm  

Because not all the commercial software allow managing independently the input pa-
rameters for the creation of Voronoi tessellations, a generative algorithm has been de-
veloped to manage these parameters (such as number of points, width of each polygon 
of the tessellation, etc..) and to model, parametrically, a Voronoi structure in the cus-
tom orthosis.  
The Voronoi tessellation is initially created on a surface in a plane and is subsequent-
ly mapped onto the surface of the orthosis. After, with specific functions, the mesh is 
generated and exported. 
The block diagram of the generative algorithm developed in Grasshopper for the     
realization of the Voronoi tessellation to be applied for the customization of the elbow 
orthosis is shown in figure 7. 

Fig. 7 – Block diagram of the implemented generative algorithm for Voronoi tessellation 
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The creation of the Voronoi tessellation starts from a set of points that represent the 
centre of the polygons of the tessellation; after, through the Voronoi function, a two-
dimensional Voronoi tessellation has been created according to the set of points. 
This structure is mapped onto the surface of the orthosis through the "Map to Surface" 
function [17], adapting itself to the morphology of the surface. 
The last step of the algorithm is the creation of mesh and the smoothing of the      
structure so to eliminate the sharp edges. 
In figure 8 the complete CAD model of the orthosis with the Voronoi tessellation is 
shown. 
 

 
Fig. 8 – CAD model of the elbow orthosis with Voronoi tessellation  

5 Prototype realization by Additive Manufacturing 

The designed elbow orthosis has been produced in PA 2200 by a SLS (Selective La-
ser Sintering) 3D printer. As case study, only the model of the orthosis with the Voro-
noi tessellation has been realized.  
PA 2200 is a fine white powder based on polyamide, used for the manufacture of ful-
ly functional pieces with high surface quality and exposed to high thermal or mechan-
ical stresses [11]. 
The EOS FORMIGA P100 printer (Figure 9) has been used, which allows the produc-
tion of small series and customized products with fully functional complex geometry. 

 

Fig. 9 – FORMIGA P100 3D printer 
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Figures 10–11 show some images of the prototype from which is possible to see the 
good surface finish obtained with this AM technology. 

 

Fig. 10 – Final prototype  

 

Fig. 11 – Final prototype put on by patient 

6 FEM analysis 

FEM analyses have been performed to verify the structural strength of the prototype 
[19]. 
Only the structural parts of the orthosis have been analysed. 
The arm has been considered as a rigid body. The area near the elbow has been not 
considered to simplify the FEM model, always ensuring the reliability of the results. 
The simulations have been performed to verify the stress state of the orthosis during 
flexion and extension, applying a test load of 150 N. 
Although the maximum load in normal conditions of use of an elbow orthosis should 
be less than 50 N, a much higher test load (150 N) was chosen to test the model in 
very hard working conditions. 
The model has been meshed with about 2.000.000 Solid 164 elements [20]. Succes-
sively the boundary conditions have been set. In particular, a frictional contact has 
been imposed at the orthosis and arm interface, a frictionless contact, instead, has 
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been imposed at  the torsion springs and the supports interfaces. Finally, a fixed con-
straint has been applied to the faces of the arm (in the upper part) which prevents 
them from moving or deforming. The strips have been modelled as spring elements. 
 

Table 1. Mechanical properties of PA 2200. 

 Tensile strength (MPa) Elongation at break (%) Tensile modulus (MPa) 
PA 2200 48 24 1700 

 
 
Extension 
 
Figure 12 shows Von Mises stress maps. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 – Maps: Von Mises stress 

It can be observed that all the maximum values of the deformation and strains are 
lower than the corresponding limit values. In particular, the maximum value of the 
Von Mises stress is 22.27 MPa, less than half of the tensile strength of the material 
(48 MPa). 
 
Flexion 
Figure 13 shows Von Mises stress maps. 
 

 
 
 
 
 
 
 
 
 
 

Fig. 13 – Maps: Von Mises stress 
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Also in this case, it can be observed that all the maximum values of the deformation 
and strains are lower than the corresponding limit values. In particular, a maximum 
elongation value of 2.1% and a maximum value of the Von Mises equivalent stress of 
41 MPa have been obtained. 

Conclusions 

In the work a method has been perfected for the design of a custom elbow orthosis en-
tirely manufacturable by additive techniques. To this aim, generative algorithms for 
parametric modeling and creation of 3D patterns have been also developed that can 
solve some of typical problems of modeling for Additive Manufacturing. 
The first step of the work was related to the modeling, by means of reverse engineer-
ing techniques, of the arm of a patient and the subsequent CAD modeling of the struc-
ture of the custom elbow orthosis. 
Subsequently, to improve the aesthetic appearance of the orthosis, two algorithms 
have been implemented for the creation of 3D patterns and Voronoi tessellations for 
not structural parts. 
Generative algorithms developed have been tested and proved to be robust, efficient 
and able to overcome some drawbacks of commercial software. 
Subsequently, a prototype of the elbow orthosis with Voronoi tessellation has been 
realized by means of the SLS technology. 
In the last part FEM analyses have been carried out considering the movements of 
flexion and extension of the arm and obtained results were used to validate the design. 
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