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Abstract 
 
Additive manufacturing (AM) recently has been changing from conventional Rapid prototyping (RP) to direct fabrication of functional 

parts. As a direct fabrication method, a promising application of AM is to make personalized or customized parts; biomedical applica-
tions customized to human’s bodies can provide improved functionalities for an example. In this study, a customized plastic cast is de-
veloped to replace traditional plaster casts. For customization, its basic shape is defined out of three-dimensional (3d) scan data of a hu-
man arm. This cast is designed to have a number of holes for lighter weight and better ventilation, and to be printed using a Material 
extrusion (ME) type 3d printer that uses thermoplastic polymer filaments. Finite element (FE) analyses are then performed to evaluate the 
structural safety and stiffness of the printed cast with porosity. Considering that the structural safety and stiffness are degenerated due to 
the porous structure, design reinforcements are suggested to improve the bending stiffness of the porous cast. FE analyses are then per-
formed with variations of design parameters of the reinforcement structures, from which we obtain the best design candidate that pro-
vides higher specific stiffness than the conventional solid structure. A porous-customized cast with lighter weight and better ventilation 
can thereby be developed successfully.  
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1. Introduction 

In recent years, Additive manufacturing (AM) has been 
changed from conventional Rapid prototyping (RP) to direct 
fabrication of functional parts [1]. As a direct fabrication 
method, a promising application of AM is to fabricate person-
alized or customized parts. Such biomedical applications cus-
tomized to human bodies can offer improved functionalities 
[2]. Among the biomedical applications, orthoses are attract-
ing attention as a useful application of AM because they can 
lend greater performance when they are fabricated to fit the 
bodies of patients [3]. 

Orthoses are assistive devices to help disabled or injured 
people, and are used to support human musculoskeletal sys-
tems. Fracture orthoses, also known as casts or splints, are 
used to protect musculoskeletal injuries such as sprains, dislo-
cations, and bone fractures by preventing motion of the in-
jured parts. At the beginning of orthopedic treatment, in gen-
eral, a splint is temporarily used to prevent motion of the in-
jured part to some extent while its open structure allows natu-
ral swelling of the injured region. A circumferential casting is 
then used to fully immobilize the injured part after the swell-
ing has subsided [4]. 

In the past decade, AM has been used to fabricate custom-
ized orthoses including ankle-foot [5-7] and wrist-hand or-
thoses [8-12] for the purpose of replacing traditional plaster 
casts. While Ankle-foot orthoses (AFO) are designed to have 
a simple shell shape that covers the back and under area of the 
ankle-foot, Wrist-hand orthoses (WHO) are designed to have 
complicated shapes for weight reduction and ventilation by 
virtue of intrinsic design freedoms of AM technologies [10-
12]. 

The design freedom of AM originates from the unique 
layer-by-layer deposition strategy, which makes it possible to 
overcome constraints from the traditional manufacturing tech-
nologies. A new terminology, Design for additive manufactur-
ing (DFAM), is used to differentiate this from the traditional 
Design for manufacturing (DFM) [13]. DFAM has versatile 
applications including cost effective production of custom-fit 
products, functional parts with textures and porosity, and 
lightweight structures with lattices or cellular materials [14, 
15]. Design methodologies such as constructing cellular struc-
tures [16-18], porous structures [19, 20], and skin-frame struc-
tures [21, 22] have also been studied to realize DFAM, by 
utilizing AM technologies in fabricating complicated struc-
tures. 

In the present study, a porous cast for an elbow orthosis is 
developed by utilizing the concept of DFAM. The porous cast 
is designed to overcome disadvantages of traditional plaster 
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casts, such as difficulties in donning and doffing, relatively 
heavy weight, and skin irritations due to poor ventilation. For 
this purpose, the proposed cast was designed to have a number 
of holes for lighter weight and better ventilation. A design 
procedure by effectively connecting three-dimensional (3d) 
scanning, automatic hole generation and 3d modeling of a pair 
of cast shells with reinforcement features was proposed. Finite 
element (FE) analyses were then performed to evaluate the 
structural safety and stiffness of the porous cast. From these 
analyses, the best design candidate was determined to ensure 
higher specific stiffness than the conventional solid structure. 
The final design was then fabricated using an extrusion type 
3d printer, and the printed cast was applied to a human body 
successfully. 

 
2. Design procedure of a customized cast 

2.1 Surface construction from 3d scanning 

To develop a customized cast, a human arm was scanned in 
a bent position under the assumption of an elbow injury. A 
hand-held type 3d scanner (SenseTM, 3D Systems Inc., USA) 
was used to obtain a full 3d point cloud data, as shown in Fig. 
1(a). The scanning data were trimmed out with respect to 
trimming boundaries, and then imported to 3d CAD software 
(Unigraphics NX8, Siemens, Germany). Surface data for the 
arm part were then generated based on the scanned data (Fig. 
1(b)), and were divided into two parts for assembly (Fig. 1(c)). 
These surface data will be used in the further design processes, 
as described in the following sections. 

 
2.2 Automatic generation of porous shell structure 

The proposed porous shell structure contains a number of 
holes for the purpose of weight reduction and ventilation im-
provement. To generate such a porous shell efficiently, an 
automatic hole generation algorithm was developed for the 
prepared surface. The detailed procedure is given as follows: 
(i) Definition of a target surface for hole generation; (ii) dis-
cretization of the target surface based on FE mesh generation; 
(iii) generation of a number of spheres at every nodal point; 
(iv) Boolean operation to subtract every sphere from the target 
surface. Fig. 2 illustrates this procedure as a flowchart. 

To apply the automatic hole generation based on FE mesh 
data, ANSYS APDL (ANSYS parametric design language, 

ANSYS Inc., USA) was used. A half surface was loaded in 
the ANSYS APDL environment, and was partitioned to dis-
tinguish the target surface from the remaining area. Fig. 3(a) 
shows the partitioned result, where the two end regions were 
excluded from hole generation. Fig. 3(b) shows the generated 
surface mesh that consists of 161 nodal points and 260 trian-
gular elements. In this stage, FE mesh should be generated as 
uniform as possible so that the most triangles should be 
shaped equilaterally. 

A number of spheres were then created at every nodal point, 
as shown in Fig. 3(c), except for the nodes on the boundary 
curves. Here, the sphere diameter was set automatically in 
order to avoid overlap of adjacent holes. Fig. 3(d) shows the 
porous surface obtained from the Boolean operation, in which 
all spheres were subtracted from the target surface. 

 
 
Fig. 1. Construction of 3d surface data for an arm: (a) 3d scanned point 
cloud data; (b) generated surface data; (c) divided surfaces. 

 
 

 
 
Fig. 2. Flowchart for the automatic hole generation procedure. 
 

 
Fig. 3. Automatic hole generation procedure: (a) Definition of the 
target surface; (b) mesh generation for the target surface; (c) sphere 
creation at nodal points; (d) Boolean operation to generate a porous 
surface. 
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2.3 Design of the porous cast with reinforcement structures 

The generated porous surface data were imported to CAD 
software, and the following design procedure was conducted 
to make a 3d model of the porous cast. First, a porous shell 
was generated by giving a thickness value to the porous sur-
face. Fig. 4(a) shows a thickened shell that was generated by 
offsetting the porous surface to the outward direction with a 6 
mm thickness. A pair of half casts were then prepared as 
shown in Fig. 4(b), with additional features for assembly and 
reinforcement. Fig. 4(c) shows a virtually assembled part in 
which both half casts were assembled to the 3d scanning data 
appropriately. 

Although this porous cast has advantages of weight reduc-
tion and ventilation, the porosity may deteriorate the structural 
safety of the cast. Considering that the main function of the 
elbow cast is to immobilize the motion of the arm around the 
elbow, two reinforcement designs, flange and rib reinforce-
ments, were proposed to increase the bending stiffness. Fig. 
5(a) shows a flange reinforcement in which two flanges with 3 
mm thickness were added along two parting edges. Fig. 5(b) 
represents a rib reinforcement in which a triangular rib with 3 
mm thickness was added in the concave region of the cast. In 
each case, the flange width (w) and the rib length (l) were 
defined as design parameters. The effects of these parameters 
on the bending stiffness will be investigated in the following 
section. 

 
3. Structural analyses of the porous cast 

3.1 Overview of the structural FE analysis 

To investigate the bending stiffness of porous casts accord-

ing to their porosity and reinforcement structures, a structural 
FE analysis was performed. ANSYS Multiphysics (ANSYS 
Inc., USA) was used to perform the structural FE analysis for 
various 3d-printed cast designs. 

In this study, the porous casts were printed using an extru-
sion type 3d printer. Acrylonitrile butadiene styrene (ABS) 
filaments of 1.75 mm diameter (Shenzhen Esun Industrial Co. 
Ltd., China) were used as printing material. According to a 
previous study by the authors [23], 3d-printed parts using this 
filament have orthotropic tensile properties, as shown in Table 
1. These orthotropic properties were then used in the structural 
FE analysis. 

Fig. 6 represents boundary conditions for the FE analysis 
with coordinate information. Considering that 3d-printed parts 
show deteriorated mechanical properties along the lamination 
direction, the cast was designed to be laminated along the Z-
direction; parting surfaces were located on the XY-plane 
thereby. For these parting surfaces, symmetric boundary con-
ditions were given by constraining normal displacements of 
the surfaces. The upper end face (shoulder side) was fixed, 
and a downward force of 100 N was imposed on the lower 
end face (wrist side). 

To investigate the bending stiffness quantitatively according 
to the porosity, a specific bending stiffness (k*) was defined as 
follows: 

 

max

1 Fk
m d

=   (1) 

 
where m is the mass of a cast, F is the external force, and dmax 
is the corresponding maximum vertical displacement, respec-
tively. Indeed, a higher specific stiffness means a better stiff-
ness-to-mass ratio, which is the main goal of lightweight 
structures. 

 
Fig. 4. Design procedure of the porous cast: (a) Thickened shell; (b) 
additional features creation; (c) virtual assembly. 

 

 
 
Fig. 5. Design of reinforcement features: (a) The flange reinforcement; 
(b) the rib reinforcement. 

 

Table 1. Orthotropic mechanical properties of printed sample [23]. 
 

Printing directions X Y Z 

Elastic modulus (GPa) 2.178 2.497 2.258 

Tensile strength (MPa) 28.47 33.47 8.39 

 
 

 
 
Fig. 6. Boundary conditions for structural analysis of the porous cast. 
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3.2 Effect of porosity 

Structural FE analyses were performed to investigate the ef-
fect of porosity on the bending stiffness. As a reference solu-
tion, a solid shell without holes was also analyzed and com-
pared. The shell thickness was 5.0 mm, and the resulting ver-
tical displacement distribution is shown in Fig. 7(a). The 
maximum displacement was 0.855 mm, and the correspond-
ing specific stiffness was calculated to be 0.766 N/g-mm. Figs. 
7(b) and (c) show the displacement distributions of the porous 
casts with hole diameters of 8 and 10 mm, respectively. It can 
be seen that the maximum displacements increased as the hole 
diameter increased: 1.462 mm for the 8 mm hole and 1.977 
mm for the 10 mm hole. 

To compare the bending stiffness of the porous structure 
with the previous net structure [11, 12], a triangular net struc-
ture was also analyzed, as shown in Fig. 7(d). The triangular 
net structure was constructed using the surface mesh informa-
tion in Fig. 3(b); it was also generated automatically by creat-
ing a number of cylinders with 6 mm diameters for all triangu-
lar edges. The maximum deformation was 2.243 mm, which 
was much larger than those of porous structures. 

For a quantitative comparison of the bending stiffness, po-
rous shell structures were analyzed with variations in the shell 
thickness (t) and hole diameter (D). The relevant results are 
summarized in Table 2, in which the results for the solid shell 
and triangular structure are also included for comparison. 
Overall, the specific bending stiffness of the porous structures 

was lower than that of the solid shell, but higher than that of 
the triangular net structure. Among the four design cases of 
the porous shells, the third case (t = 6.0 mm, D = 8.0 mm) 
showed the largest specific stiffness (0.639 N/g-mm), while 
this value was still lower than that of the solid shell (0.766 
N/g-mm). 

 
3.3 Effect of the flange width (w) 

To investigate the effect of flange reinforcement on the 
bending stiffness, structural FE analyses were performed with 
variation of the flange width (w): 4, 6 and 8 mm. Figs. 8(a)-(d) 
show the distributions of the vertical displacement for each 
case, and the detailed results are compared in Table 3 quanti-
tatively. It can be seen that the maximum displacement de-
creased as the flange width increased, while the part mass also 
increased on the other hand. Therefore, the resulting im-
provement in the bending stiffness was not as significant as 
the reduction of displacement; the reinforcement with 8 mm 
flanges showed a 14.1 % reduction of displacement while the 
improvement of the bending stiffness was only 7.7 %. This 
indicates that the flange reinforcement is not an efficient 
lightweight structure that can provide higher bending stiffness 
than the solid shell structure. 

 
3.4 Effect of the rib length (l) 

In this section, the rib reinforcement is considered instead of 
the flange reinforcement. Structural FE analyses were per-
formed with variation of the rib length (l): 30, 50 and 70 mm. 

Table 2. Comparison of FE analysis results for various shell designs. 
 

t (mm) D (mm) dmax (mm) m (g) k* (N/g-mm) 

5.0 8.0 1.462 123.7 0.553 

5.0 10.0 1.977 109.5 0.462 

6.0 8.0 1.040 150.5 0.639 

6.0 10.0 1.372 133.5 0.546 

Solid shell 0.855 152.7 0.766 

Triangular net 2.243 187.4 0.238 

 

 
 
Fig. 7. Comparison of vertical displacement (unit: mm) for various 
structures: (a) Without hole; (b) 8 mm hole; (c) 10 mm hole; (d) trian-
gular net structure. 

 

Table 3. Comparison of FE analysis results according to flange width. 
 

w (mm) dmax (mm) m (g) k* (N/g-mm) 

0 1.040 150.5 0.639 

4 0.975 156.9 0.654 

6 0.934 159.6 0.671 

8 0.893 162.8 0.688 

 

 
 
Fig. 8. Comparison of vertical displacement (unit: mm) for various 
flange widths: (a) Without flange; (b) 4 mm; (c) 6 mm; (d) 8 mm. 
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Figs. 9(a)-(d) show the displacement distributions, and the 
detailed results are compared in Table 4. It can be seen that the 
maximum displacement also decreased as the rib length in-
creased. The part mass showed a slight increase, but not as 
significant as that of the flange reinforcement case. Accord-
ingly, the resulting improvement in the bending stiffness is 
more significant than the flange reinforcement cases; the spe-
cific stiffness increased to 0.789 N/g-mm in the case of 70 
mm rib length, which is even higher than that of the solid shell 
(0.766 N/g-mm). This indicates that the rib reinforcement is 
more efficient than the flange reinforcement in terms of light-
weight design. Based on these results, the rib reinforcement 
with 70 mm length was determined as the final design of the 
porous cast. 

 
4. Experimental verification 

4.1 Additive manufacturing of the porous cast 

Based on the final design, the porous cast pairs were printed 
using an extrusion type 3d printer (Cubicon Single, 
CUBICON Inc., Korea). The nozzle and bed temperatures 
were set to 240 and 115 °C, respectively. The feed rate was set 
to 200 mm/s, and the layer thickness was set to 0.2 mm. Fig. 
10(a) is a photograph of the printed cast pairs, which could be 
successfully worn on a human arm, as shown in Fig. 10(b). 
These cast pairs weigh only 155.4 g, which is lighter than the 
traditional plaster cast. Fig. 10(c) presents X-ray images of the 
casted arm in which all bones are clearly visible. Therefore, 
the porous cast manufactured by the thermoplastic polymer 
has an additional advantage in comparison with the traditional 
plaster cast of being transparent for X-ray so that the bone 

fracture status can be monitored, which was impossible with 
traditional plaster casts. 

 
4.2 Evaluation of structural safety 

Compression tests were performed to evaluate the structural 
safety of the printed casts. To compare the 3d-printed porous 
cast with traditional plaster casts, a simplified half-cylindrical 
shell structure was prepared as shown in Fig. 11. Fig. 11(a) 
shows a plaster shell with an inner radius of 39 mm and a 
thickness of 7 mm. Fig. 11(b) shows a 3d-printed ABS shell 
of the same dimensions containing a number of holes. Com-
pression tests were performed by pressing each shell, as illus-
trated in Fig. 11(c), and the resulting force-deformation varia-
tions were measured. 

To investigate the structural safety of these shell structures, 
the critical force at the failure location (Fcrit) and the compres-

Table 4. Comparison of FE analysis results according to rib length. 
 

l (mm) dmax (mm) m (g) k* (N/g-mm) 

0 1.040 150.5 0.639 

30 0.967 151.8 0.696 

50 0.842 154.4 0.769 

70 0.816 155.4 0.789 

 

 
 
Fig. 9. Comparison of vertical displacement (unit: mm) for various rib 
lengths: (a) Without rib; (b) 30 mm; (c) 50 mm; (d) 70 mm. 

 
(a) 

 

  
(b) 

 

 
(c) 

 
Fig. 10. Additive manufacturing of the porous cast: (a) Printed cast 
pairs; (b) applied to a human arm; (c) X-ray images. 
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sive stiffness (kcomp) were compared. The compressive stiff-
ness was determined by measuring the slope of force-
displacement curve in the linear elastic range. Table 5 com-
pares the resulting critical force and stiffness of both structures. 
It can be seen that the critical force of the porous ABS shell 
(875.0 N) was slightly smaller than that of the plaster shell 
(890.2 N). However, the specific critical force (Fcrit

*) per unit 
mass shows opposite results; the ABS shell shows a higher 
value (12.48 N/g) than the plaster case (9.26 N/g). A similar 
trend was observed in the case of the compressive stiffness 
(kcomp) and the specific compressive stiffness (kcomp

*); the abso-
lute stiffness of the ABS shell was slightly lower than that of 
the plaster shell while their specific values showed opposite 
results. These results indicate that the porous ABS shell pro-
vides higher specific stiffness and strength in comparison with 
the plaster shell. 

 
5. Conclusions 

In this study, a porous cast for an elbow orthosis was devel-
oped to replace the traditional plaster casts. To develop a po-
rous cast efficiently, various approaches including 3d scanning, 
3d design with automatic hole generation, FE analyses, and 
AM were connected effectively. The 3d scanning was used to 
obtain the geometry of a human arm so that a customized cast 
fit to a human body could be designed. The automatic hole 
generation algorithm was developed to reduce the lead time of 
porous structure design (less than 10 minutes), enough to be 
applicable in point of care. FE analyses were performed to 
evaluate the bending stiffness of the porous cast and to suggest 

appropriate reinforcement structures that could compensate 
the stiffness degeneration due to porosity. AM was then used 
to fabricate the porous cast with a complicated geometry in a 
day. 

Through these approaches, a customized porous cast was 
developed successfully and validated through experiments. 
Compared to traditional plaster casts, this porous cast has 
many advantages including lightweight structure, good venti-
lation, X-ray transparency, and better appearance. Further 
study is required to implement the developed porous cast on 
clinical trials in orthopedic treatments. 

 
Acknowledgment 

This study was supported by a grant from the Technology 
Innovation Program (Grant no: 10062348) funded by the Min-
istry of Trade, Industry & Energy (MOTIE, Korea). 

 
Nomenclature------------------------------------------------------------------------ 

l     : Length of the reinforcement rib  
w     : Width of the reinforcement flange 
m   : Mass of a cast 
k*   : Specific bending stiffness of a porous cast 
kcomp   : Compressive stiffness of a shell structure 
kcomp*  : Specific compressive stiffness of a shell structure 
F   : Amount of an external force 
Fcrit   : Critical compressive force at failure 
Fcrit*   : Specific critical force per unit mass 
dmax    : The maximum deflection of a cast 
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