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Abstract: This paper proposes a methodology for user-tailored orthosis design for 3D printing that
aims to give a non-expert, user-oriented tool that easily generates a customized orthosis. Additionally,
this work aims to verify the biocompatibility of the PLACTIVE™ (PLACTIVE AN1™, nano-additive
concentration 1%, Copper 3D, Santiago, Chile) filament after extrusion to check its feasibility for
3D printed orthoses. A forefinger and a thumb orthosis were successfully designed applying the
proposed methodology. The results showed that the proposed methodology is able to generate simple
and practical orthoses through a fairly easy and intuitive procedure. Furthermore, experimental tests
showed that the biocompatibility of the PLACTIVE™ filament is not affected after extrusion process,
suggesting that it is a feasible material for 3D-printed orthoses.
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1. Introduction

The orthopedic market in 2017 was valued at $8.15 billion in global orthotics and
prosthesis. This number is rising annually worldwide due to aging populations, an increase
in sport injuries, and the increasing number of amputations and bone cancers related to
diabetes. By 2050, it is expected that the number of people aged 60 or older will double,
from 962 million in 2017 to 2.1 billion in 2050 [1].

The manual methods used to create custom prostheses and orthoses require imprecise
and time-consuming procedures that can influence patient comfort. Since prostheses
are traditionally made by hand, the process is not replicable and the results depend on
the technician’s personal experience. Furthermore, when a prosthesis is damaged, the
patient needs to repeat the process, which takes a long time. It is important to note that,
for example, more than 10 sections need to be precisely measured to produce a single
lower limb prosthesis. Furthermore, the treatment is very psychologically and physically
uncomfortable, since patients have to remove their clothing and wear a wet plaster bandage.
Manual plaster modeling takes a long time, and manual calculation does not guarantee
precision. In addition, the commonly used plaster cast is relatively thick, non-movable,
and non-ventilated when used in orthotic care. This causes complications such as various
skin conditions, pilosis, and articular and ligamental injuries [2].

Fortunately, orthotic and prosthetic manufacturing using computer-aided technologies
and image processing provides alternatives to traditional procedures [3]. The use of the
latest computer-supported technologies is much easier, and less time is needed for each
patient visit [4]. On the other hand, the advancement of additive manufacturing (AM)
technology and the distribution of 3D printers have encouraged the personalization of
patient care in the orthopedic industry. Different techniques for rapid prototyping (RP)
can be used in the medical sector [5]. In particular, there is widespread use of 3D printing
systems in the orthopedic sector. The use of 3D printing systems will increase rapidly
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in the near future as the materials available evolve and production costs of various AM
technologies are reduced [6].

The basic benefits of the use of computer-aided technologies and 3D scans in the
orthopedic industry are the time and cost savings. A conventional process takes on average
200–500% of the time required to perform a precise 3D digital scan (2–5 min for a scan,
versus 11 min for a cast) and has an average cost of more than $50 in materials (without
taking into account the cost of labor involved in production). In contrast, the expense of a
3D scan is just a handful of dollars [1].

With respect to the human hand, its morphological complexity requires more acquisi-
tions from various points of view to get a properly 3D reconstruction. Thus, for one or two
minutes the subjects usually have to keep the limb and the hand steady. Unwilled move-
ments produce scan misalignments in the finger area, especially if the hand is not firmly
constrained. In [7–9], this issue, which is usually considered a major problem, is dealt with
using a lightweight scanner that can more easily be repositioned around the limb.

To design a user-tailored orthosis, the scan of the body part of interest is usually
transferred into a software for 3D computer-aided design (CAD) modelling [4,6]. However,
this requires special skills that are not particularly diffuse among clinicians and technicians
in orthopedics and orthotics. Consequently, the rehabilitation system cannot be self-
sufficient in achieving customized cost-efficient output, even though it is equipped with
suitable hardware. Therefore, it is necessary to offer the opportunity to perform simple
modeling operations directly onto the 3D mesh from the scan. It is important that these
editing tools are useable via an appropriate and convenient graphical user interface (GUI),
even by users who are not highly specialized in CAD, mesh and surface modelling, and
rapid prototyping. Indeed, devices that operate on mesh directly also exist, but are either
generally not explicitly conceived for non-experts in surface editing or difficult to use,
e.g., Autodesk meshmixer [10]. That is why the creation of systems that can easily be
exhausted by clinicians and technicians in the design/production of personalized printable
models using suitable interfaces is still viable and necessary.

This paper proposes a methodology for user-tailored orthosis design for 3D printing
that aims to give a non-expert, user-oriented tool that easily generates a customized orthosis.
The methodology uses images coming from a 3D scanner to digitally capture patients’
hands. A MATLAB script with a proper GUI has been developed to receive the point cloud
and section it based on the user input. Hand profiles are created automatically and passed
to SolidWorks (SolidWorks version 2018, Dassault Systèmes, S.A., Suresnes, Francia) to
generate the surface of the orthosis. Finally, the STL of the orthosis is ready for 3D printing.
As an example, two orthoses have been manufactured using 3D printing technology with
PLACTIVE™ (PLACTIVE AN1™, nano-additive concentration 1%, Copper3D, Santiago,
Chile) [11] material.

It is important to mention that PLACTIVE™ [11] is an antimicrobial material used for
3D printed medical devices. PLACTIVE™ is a polylactic acid polymer with copper nanopar-
ticle additives with a high antimicrobial (antiviral and antibacterial) potential that makes it
of great interest for 3D printing of orthoses, prostheses, and medical instruments [12–16].
Scientific publications have shown that copper has antibacterial properties [17,18], and
that inhibits the replication and propagation abilities of respiratory viruses [19–21]. In
addition, authors in [12] showed that PLACTIVE™ filament keeps its antibacterial prop-
erties after extrusion. Moreover, PLACTIVE™ is certified with ISO 10993 standard as a
non-cytotoxic and skin contact approved material [11]. However, biocompatibility of the
PLACTIVE™ filament after extrusion has not been questioned or verified by academic
works without conflict of interest to the best of our knowledge. Therefore, in addition
to the proposed methodology for a user-tailored orthosis design, the biocompatibility of
PLACTIVE™ filament after extrusion is also tested to assess the material suitability for 3D
printed orthosis.
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2. Materials and Methods
2.1. Biocompatibility Test of the PLACTIVE™ Filament after Extrusion

A biocompatibility test was carried out to assess the suitability of PLACTIVE™ (PLAC-
TIVE AN1™, nano-additive concentration 1%, Copper3D, Santiago, Chile) for 3D printed
prostheses. Table 1 shows the main material properties. 3D-printed PLACTIVE™-based
grids were designed using a ray R = 17.45 mm, 0.4 mm in thickness, and square intertwin-
ing with three different sides (l): 6.6 mm (grid #1), 1.6 mm (grid #2), and 0.6 mm (grid #3),
see Figure 1. The grids were printed with a Dreamer NX 3D printer (Flashforge Dreamer,
Flashforge 3D Technology Co.Ltd, Jinhua, Zhejiang, China) [22] using the printing param-
eters in Table 2. The day before each experiment, the grids were incubated for 1 hour in
absolute ethanol and left drying under the laminar flux of a bio-safety cabinet. Immediately
after, the grids were sterilized under UV rays, 20 min each side, and left in the cabinet
until use. For the experiment, 30 × 103/mL Hek-293 cells [23,24] (Human Embrionic
Cell-293line, ATCC, CRL-1573, Manassas, VA, USA) were plated onto 35 mm Petri dishes
(Falcon dishes, polystyrene, ref. 353001, Corning, Corning, NY, USA) in a grown-medium
containing D-MEM (Dulbecco’s Modified Eagle’s Medium), 10% fetal bovine serum, and
1% penicillin-streptomycin (all culture reagents were purchased from Gibco-Thermo Fisher
Scientific, Waltham, MA, USA). One of the grids was added to one of the dishes; the Petri
dishes that did not contain the grid were used as control. Cells were incubated at 37 ◦C
and 5% CO2 for 48 h and then counted with a Bürker cell counting chamber (BRAND™
Bürker Counting Chamber, Fisher Scientific, Waltham, MA, USA).

Table 1. Main PLACTIVE™ properties [1].

Property Value

Material Name PLACTIVE AN1™
Color Red

Density 1.24 g/cm3

Relative Viscosity 4.0
Filament Diameter 1.75 mm

Nano-Additive Concentration 1%
Peak Melt Temperature 145–160 ◦C

Glass Transition Temperature 55–60 ◦C
Tensile Yield Strength 60 MPa

Tensile Strength at Break 53 MPa
Flexural Strength 83 MPa
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Table 2. Printing parameters.

Parameter Value

Layer height 0.08 mm
Shell thickness: 0.40 mm

Infill 100%
Print speed 20 mm/s

Travel speed: 70 mm/s
Extruder Temperature 248 ◦C
Platform Temperature 64 ◦C

2.2. Proposed Methodology to Design a User-Tailored Orthosis.

The proposed methodology consists of generating a user-tailored orthosis based on
the boundaries of cross sections extracted from a 3D-point cloud of a body part of interest.
Since the CAD of the orthosis is based on boundaries (XYZ curves), the CAD software
does not have to manage a 3D-point cloud. Therefore, the need to use highly specialized
3D-point cloud design software is eliminated. On the other hand, starting from very little
information provided by the user, the boundaries of the cross sections are automatically
obtained through a script programmed in Matlab (Matlab 2017b, MathWorks Inc., Natick,
226 MA, USA). Later, the boundaries can be loaded into the CAD software. A GUI runs the
Matlab script and gives the user the instructions that have to be followed. Figure 2 shows
the screenshots of the instructions given to the user once the generated Matlab executable
is run. The proposed methodological steps (step 1–step 9) for the user-tailored orthosis
design are presented as the following:

1. First, a 3D-point cloud (coming from a 3D scan) of the selected body part for the
orthosis design is loaded and 3D-plotted in Matlab software;

2. Then, the user is asked to select an appropriate work plane (plane1 (Y, Z); plane2 (X,
Z); plane3 (X, Y)) for cross section extraction. Cross sections will be extracted using
the chosen work plane as reference;

3. After this, an appropriate view of the 3D point cloud is presented to the user and the
user is asked to mark within a square the zone of interest. From the drawn square,
the limits of a work zone are defined. For example, one finger of a human hand can
be selected instead of the entire hand.

4. Once the zone of interest has been defined, the user is asked to indicate how many
millimeters of separation there should be between each cross section. The spacing dis-
tance between cross sections depends on the precision required for the orthosis design.

5. The information previously requested from the user is enough to define the XYZ
limits of the cross sections. Therefore, once the user performs the previous steps, the
cross sections are automatically extracted from the 3D-point cloud and are shown to
the user.

6. After, the boundaries from the cross sections are automatically stored in text files
containing XYZ values and are shown to the user.

7. Subsequently, the boundaries can be uploaded to SolidWorks software (SolidWorks
version 2018, Dassault Systèmes, S.A., Suresnes, France).

8. By selecting the boundaries, a boundary surface can be fairly easily generated using
the ‘boundary surface’ feature in SolidWorks.

9. Finally, the boundary surface can be trimmed or cut so that the orthosis is easily
wearable. The boundary surface becomes a solid body using the ‘thicken’ feature in
SolidWorks. The solid body can be exported as an STL file for 3D-printing.
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instruction; (c) Third instruction; (d) Fourth instruction.

The proposed methodological steps (step 1–step 9) have been applied in the design of
a forefinger orthosis and a thumb orthosis, and the results are presented and discussed in
Sections 3.2 and 3.3, respectively. It is important to note that all results in Sections 3.2 and 3.3
have been related to the numbered methodological steps (step 1–step 9) to allow for a better
understanding of the procedure. Therefore, the results of the practical examples illustrate
each methodological step previously presented. For the orthoses design, an open access
model of a human hand under the Creative Commons Attribution 3.0 Unported License [25]
has been downloaded from Artec Group inc. (Artec Group inc., CA, USA) [26]. The human
hand has been downloaded in PLY format (Polygon File Format). It is important to note
that in this paper, all the Figures where the human hand appears have been generated by
the authors. The orthoses have been printed on PLACTIVE™ with the same Drimer DX
3D printer and printing parameters (See Table 2) used for the biocompatibility test.

Before printing the obtained orthoses, a finite element method (FEM) analysis was
quickly carried out to analyze the performance of the orthosis and their behavior in case
the patient applies force. PLACTIVE material has been set as the material in the analysis
using the mechanical characteristics previously shown in Table 1. The Von Mises stress
criterion has been used to measure the stress components. The orthosis face housing the
palm has been set as a fixed constraint. Two forces were taken into account as the forces
that can be applied to a thumb and an index finger, namely 109.5 N and 60.4 N, respectively.
The used finger forces were obtained by experiments in [27]. The forces have been set as
normally distributed along all the area housing the mentioned fingers.

3. Results
3.1. Biocompatibility

Figure 3a,b show the cell culture outcomes obtained from the biocompatibility test.
As shown in Figure 3a,b, no change was observed in cell growth, neither in the presence
nor in the absence of PLACTIVE™-based grids. In fact, after 48 h of cell culture, a similar
number of cells were found under all the experimental conditions: 73 ± 6 (×103) cells/mL
in control; 66 ± 8 (×103) cells/mL with grid #1; 71 ± 8 (×103) cells/mL with grid #2; and
73 ± 5 (×103) cells/mL in presence of grid #3; n = 4 counts; p = 0.799, one way ANOVA.
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3.2. Forefinger Orthosis Design

The proposed methodological steps in Section 2.2 have been applied to design a
user-tailored forefinger orthosis. Each result presented bellow has been related to the
methodological steps (step 1–step 9) previously presented in Section 2.2. In step 1, after
the file was uploaded in Matlab (Matlab 2017b, MathWorks Inc., Natick, 226 MA, USA),
the human hand was automatically shown as in Figure 4. The 3D plot as in Figure 4 can
be moved to view the hand from any perspective. In step 2, plane2 (X, Z) was selected as
a work plane as this was convenient for the cross-section extraction of the forefinger. In
step 3, the plane (plane3), as in Figure 5a, was automatically showed perpendicular to the
chosen work plane (plane2) showing the palm of the hand. Therefore, a zone of interest
on the forefinger was pointed out within a rectangle as shown in Figure 5a. In step 4, the
distance between each cross section was defined as 5 mm.
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In step 5, the cross sections automatically extracted from the zone for interest are
shown as in Figure 6a,b. As seen in Figure 5b,c, the cross sections were generated auto-
matically for the selected zone of interest on the chosen work plane and with the desired
separation (5 mm). In step 6, the boundaries from the cross sections, that were automatically
generated and stored in a txt file, were shown as in Figure 5d.

In step 7, the boundaries were uploaded to SolidWorks software (SolidWorks version
2018, Dassault Systèmes, S.A., Suresnes, France), see Figure 6a. In step 8, a surface was
generated around the boundaries (see Figure 6b). In step 9, an upper cut was made so
that the orthosis can be easily worn and a thickness of 1 mm was applied to obtain a solid
body (Figure 6c). Figure 6d shows a CAD (computer-aided design) image of the generated
orthosis dressing used on a human hand. Figure 6e shows the printed forefinger orthosis.
To illustrate how the orthosis is dressed in practice, Figure 6f shows the printed forefinger
orthosis dressing a 3D printed sample of a human hand. As seen in Figure 6f, the orthosis
can be fixed to the hand using adjustable straps, rubbers bands, or medical adhesive tape.
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3.3. Thumb Orthosis Design

In addition to the design of the user-tailored forefinger orthosis, the proposed method-
ological steps in Section 2.2 were applied to design a user-tailored thumb orthosis. Each
result presented below has been related to the methodological steps (step 1–step 9) pre-
viously presented in Section 2.2. In step 1, the human hand was automatically shown
again as in Figure 4 in Section 3.2. Since the thumb orthosis is more complex to design, the
design is composed of two areas of interest (Zone 1 and Zone 2). In step 2, plane1 (Y, Z)
was selected as the work plane for Zone1 and plane2 (X, Z) for Zone2. In step 3, Zone 1
and Zone 2 were highlighted within a square as shown in Figure 7a,b, respectively. In
step 4, the distance between cross sections was defined as 5 mm for each zone of interest.
In step 5, the cross sections automatically extracted from Zone 1 and Zone 2 were shown
as in Figure 8a,b and Figure 8c,d, respectively. In step 6, the boundaries from the cross
sections for Zone 1 and Zone 2, that were automatically generated and stored in a txt file,
were shown as in Figure 9a,b, respectively.

In step 7, the boundaries were uploaded in SolidWorks. In step 8, surfaces were
generated for Zone 1 and Zone 2 as in Figure 10a. In step 9, an upper cut was made so that
the orthosis could easily be worn, and a thickness of 1 mm was applied to obtain a solid
body (see Figure 10b). Figure 10c shows a CAD of the thumb orthosis dressing on a 3D
printed sample of a human hand. Figure 10d shows the printed thumb orthosis. Figure 10e
shows the printed thumb orthosis dressing on a 3D printed sample of a used human hand.
Figure 10f shows a photo of both forefinger and thumb orthoses dressing a 3D prototype of
the used human hand. Finally, Figure 11 shows the stress distribution on the forefinger
and thumb orthoses that were obtained from the finite element analysis. In this simulation
scenario, no stresses in the model exceed the material yield strength for all the components.
As expected, the stresses are distributed along the surfaces housing the fingers and the
maximum computed stress value is reached along the thumb, reaching a maximum value
of 2.683 × 107 N/m2.

Crystals 2021, 11, x FOR PEER REVIEW 9 of 15 
 

 

5, the cross sections automatically extracted from Zone 1 and Zone 2 were shown as in 
Figure 8a,b and Figure 8c,d, respectively. In step 6, the boundaries from the cross sections 
for Zone 1 and Zone 2, that were automatically generated and stored in a txt file, were 
shown as in Figure 9a and 9b, respectively.  

  
(a) (b) 

Figure 7. 2D view of the hand (this view allows us to see the palm of the hand) where two zones of interest are pointed 
out within red squares: (a) Zone 1; (b) Zone 2. 

  
(a) (b) 

 

Figure 7. 2D view of the hand (this view allows us to see the palm of the hand) where two zones of interest are pointed out
within red squares: (a) Zone 1; (b) Zone 2.



Crystals 2021, 11, 561 10 of 15

Crystals 2021, 11, x FOR PEER REVIEW 9 of 15 
 

 

5, the cross sections automatically extracted from Zone 1 and Zone 2 were shown as in 
Figure 8a,b and Figure 8c,d, respectively. In step 6, the boundaries from the cross sections 
for Zone 1 and Zone 2, that were automatically generated and stored in a txt file, were 
shown as in Figure 9a and 9b, respectively.  

  
(a) (b) 

Figure 7. 2D view of the hand (this view allows us to see the palm of the hand) where two zones of interest are pointed 
out within red squares: (a) Zone 1; (b) Zone 2. 

  
(a) (b) 

 

Crystals 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

  
(c) (d) 

Figure 8. Cross section (red circles) generated for Zone 1 and Zone 2: (a) A 3D view of Zone 1 cross sections; (b) A 2D view 
(XY) of Zone 1 cross sections; (c) A 3D view of Zone 2 cross sections; (d) A 2D view (XY) of Zone 2 cross sections.  

 
 

(a) (b) 

Figure 9. Boundaries from cross sections generated for Zone 1 and Zone 2: (a) Boundaries in Zone 1; (b) Boundaries in 
Zone 2.  

In step 7, the boundaries were uploaded in SolidWorks. In step 8, surfaces were gen-
erated for Zone 1 and Zone 2 as in Figure 10a. In step 9, an upper cut was made so that 
the orthosis could easily be worn, and a thickness of 1 mm was applied to obtain a solid 
body (see Figure 10b). Figure 10c shows a CAD of the thumb orthosis dressing on a 3D 
printed sample of a human hand. Figure 10d shows the printed thumb orthosis. Figure 
10e shows the printed thumb orthosis dressing on a 3D printed sample of a used human 
hand. Figure 10f shows a photo of both forefinger and thumb orthoses dressing a 3D pro-
totype of the used human hand. Finally, Figure 11 shows the stress distribution on the 
forefinger and thumb orthoses that were obtained from the finite element analysis. In this 
simulation scenario, no stresses in the model exceed the material yield strength for all the 
components. As expected, the stresses are distributed along the surfaces housing the fin-
gers and the maximum computed stress value is reached along the thumb, reaching a 
maximum value of 2.683 × 107 N/m2. 

 
 

Figure 8. Cross section (red circles) generated for Zone 1 and Zone 2: (a) A 3D view of Zone 1 cross sections; (b) A 2D view
(XY) of Zone 1 cross sections; (c) A 3D view of Zone 2 cross sections; (d) A 2D view (XY) of Zone 2 cross sections.

Crystals 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

  
(c) (d) 

Figure 8. Cross section (red circles) generated for Zone 1 and Zone 2: (a) A 3D view of Zone 1 cross sections; (b) A 2D view 
(XY) of Zone 1 cross sections; (c) A 3D view of Zone 2 cross sections; (d) A 2D view (XY) of Zone 2 cross sections.  

 
 

(a) (b) 

Figure 9. Boundaries from cross sections generated for Zone 1 and Zone 2: (a) Boundaries in Zone 1; (b) Boundaries in 
Zone 2.  

In step 7, the boundaries were uploaded in SolidWorks. In step 8, surfaces were gen-
erated for Zone 1 and Zone 2 as in Figure 10a. In step 9, an upper cut was made so that 
the orthosis could easily be worn, and a thickness of 1 mm was applied to obtain a solid 
body (see Figure 10b). Figure 10c shows a CAD of the thumb orthosis dressing on a 3D 
printed sample of a human hand. Figure 10d shows the printed thumb orthosis. Figure 
10e shows the printed thumb orthosis dressing on a 3D printed sample of a used human 
hand. Figure 10f shows a photo of both forefinger and thumb orthoses dressing a 3D pro-
totype of the used human hand. Finally, Figure 11 shows the stress distribution on the 
forefinger and thumb orthoses that were obtained from the finite element analysis. In this 
simulation scenario, no stresses in the model exceed the material yield strength for all the 
components. As expected, the stresses are distributed along the surfaces housing the fin-
gers and the maximum computed stress value is reached along the thumb, reaching a 
maximum value of 2.683 × 107 N/m2. 

 
 

Figure 9. Boundaries from cross sections generated for Zone 1 and Zone 2: (a) Boundaries in Zone 1; (b) Boundaries in
Zone 2.



Crystals 2021, 11, 561 11 of 15
Crystals 2021, 11, x FOR PEER REVIEW 11 of 15 
 

 

 

 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. User-tailored thumb orthosis: (a) Boundary surfaces generated for the thumb orthosis.; (b) Thumb orthosis 
CAD image; (c) CAD image of the thumb orthosis dressing on a human hand; (d) Printed thumb orthosis; (e) Thumb 
orthosis dressing on a 3D-printed sample of the human hand model used for the design process; (f) Forefinger and thumb 
orthoses dressing a 3D prototype of the human hand model used during the design process. 

 

Figure 10. User-tailored thumb orthosis: (a) Boundary surfaces generated for the thumb orthosis.; (b) Thumb orthosis CAD
image; (c) CAD image of the thumb orthosis dressing on a human hand; (d) Printed thumb orthosis; (e) Thumb orthosis
dressing on a 3D-printed sample of the human hand model used for the design process; (f) Forefinger and thumb orthoses
dressing a 3D prototype of the human hand model used during the design process.



Crystals 2021, 11, 561 12 of 15
Crystals 2021, 11, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 11. Stress distribution along the forefinger and thumb orthoses. 

4. Discussion 
The antibacterial and antiviral properties of copper (compound of the PLACTIVETM 

filament additives) have been shown in previous works [17–19,21], making it a low-cost 
alternative to silver [12,17,18]. Additionally, the authors in [12] showed that the antibac-
terial properties of the PLACTIVETM filament after extrusion is not affected. Therefore, 
previous work suggests that PLACTIVETM filament is an appropriate material for the man-
ufacture of prostheses and orthoses with respect to its antibacterial and antiviral proper-
ties. The antibacterial and antiviral properties of PLACTIVETM suggest that it is an appro-
priate material to prevent skin disorders and to avoid the proliferation of viruses and bac-
teria [12,17]. However, skin disorders are also associated with the biocompatibility of ma-
terials. It is important to highlight that PLACTIVETM has contact with the skin after having 
been extruded during the printing process. Therefore, it was important to test in this paper 
whether biocompatibility of the PLACTIVETM is affected by the extrusion-printing pro-
cess. No change was observed in cell growth, neither in the presence nor in the absence of 
PLACTIVETM-based grids. Therefore, PLACTIVETM did not influence the growth of Hek-
293 cell cultures. Consequently, the biocompatibility outcomes suggest that the biocom-
patibility of the PLACTIVETM filament is not affected after the extrusion process, and that 
PLACTIVETM is a feasible material for 3D-printed orthoses. Finally, it is important to men-
tion that the biocompatibility test after extrusion in the current paper, together with the 
antibacterial test after extrusion in [12], give support to the practical knowledge on the 
use of PLACTIVETM in the 3D printing of orthoses and prostheses.  

A light and simple user-tailored forefinger orthosis was obtained by applying the 
proposed methodology (Figure 6e). The selection of the work plane and the zone of inter-
est on the human hand (Figure 5a) was very intuitive. Furthermore, the cross sections and 
the boundaries generated for the forefinger (Figure 5a,b) fitted properly with the selected 
zone of interest. When the forefinger boundaries were loaded into SolidWorks (Solid-
Works version 2018, Dassault Systèmes, S.A., Suresnes, France), it was very easy to gen-
erate the surface (Figure 6b) and make the upper cut (Figure 6c). Furthermore, the ob-
tained forefinger orthosis properly tailored the used human hand model, both in the CAD 

Figure 11. Stress distribution along the forefinger and thumb orthoses.

4. Discussion

The antibacterial and antiviral properties of copper (compound of the PLACTIVE™
filament additives) have been shown in previous works [17–19,21], making it a low-cost
alternative to silver [12,17,18]. Additionally, the authors in [12] showed that the antibac-
terial properties of the PLACTIVE™ filament after extrusion is not affected. Therefore,
previous work suggests that PLACTIVE™ filament is an appropriate material for the
manufacture of prostheses and orthoses with respect to its antibacterial and antiviral
properties. The antibacterial and antiviral properties of PLACTIVE™ suggest that it is an
appropriate material to prevent skin disorders and to avoid the proliferation of viruses
and bacteria [12,17]. However, skin disorders are also associated with the biocompatibility
of materials. It is important to highlight that PLACTIVE™ has contact with the skin after
having been extruded during the printing process. Therefore, it was important to test
in this paper whether biocompatibility of the PLACTIVE™ is affected by the extrusion-
printing process. No change was observed in cell growth, neither in the presence nor in
the absence of PLACTIVE™-based grids. Therefore, PLACTIVE™ did not influence the
growth of Hek-293 cell cultures. Consequently, the biocompatibility outcomes suggest that
the biocompatibility of the PLACTIVE™ filament is not affected after the extrusion process,
and that PLACTIVE™ is a feasible material for 3D-printed orthoses. Finally, it is important
to mention that the biocompatibility test after extrusion in the current paper, together with
the antibacterial test after extrusion in [12], give support to the practical knowledge on the
use of PLACTIVE™ in the 3D printing of orthoses and prostheses.

A light and simple user-tailored forefinger orthosis was obtained by applying the
proposed methodology (Figure 6e). The selection of the work plane and the zone of interest
on the human hand (Figure 5a) was very intuitive. Furthermore, the cross sections and
the boundaries generated for the forefinger (Figure 5a,b) fitted properly with the selected
zone of interest. When the forefinger boundaries were loaded into SolidWorks (SolidWorks
version 2018, Dassault Systèmes, S.A., Suresnes, France), it was very easy to generate
the surface (Figure 6b) and make the upper cut (Figure 6c). Furthermore, the obtained
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forefinger orthosis properly tailored the used human hand model, both in the CAD model
and in practice with 3D printed prototypes. The results obtained for the forefinger orthosis
showed that the proposed methodology allows us to generate simple and practical orthoses
with a fairly easy and intuitive procedure.

The results obtained for the user-tailored thumb orthosis showed that the proposed
methodology can be applied to more complex designs. Since the thumb finger has more
complex movements than the other fingers, the orthosis to limit its movement is also
more complex. In this case, boundaries were satisfactorily extracted for two zones of
interest as shown in Figures 7 and 8. Despite the fact that two zones of interest had to be
chosen, the methodology continued to be very intuitive since it was enough to indicate
as zones of interest the zones where the orthosis will have contact. The cross sections of
each zone of interest were extracted using suitable work planes for each one, obtaining
successful boundaries for all zones as shown in Figure 9. The surfaces for the thumb
orthosis were successfully obtained using the boundaries in SolidWorks as shown in
Figure 10a. The thumb orthosis satisfactorily tailored the used human hand model as
shown in Figure 10c,e. The result obtained for the user-tailored thumb orthosis showed
that the proposed methodology is feasible for more complex user-tailored orthoses.

Orthosis design processes with 3D printing technology require special skills that are
not very diffuse among clinicians and technicians in orthopedics and orthotics. Although
specialized software is available on the market for the design of orthoses [28], using them is
still complex since they require highly specialized skills in the management of point clouds
and CAD tools. Therefore, this paper proposed a methodology with simple and effective
steps to achieve the design of user-tailored orthoses. Appling the proposed methodology,
only three questions were asked to the user to extract boundaries from a cross section of
a 3D scanned body part. Furthermore, using the boundaries, the design of orthoses was
very fast and simple within the CAD software, since it is only required to generate surfaces
around the boundaries, make a cut, and give it a thickness. On the other hand, results
obtained from the finite element analysis showed that the designed orthoses can support
typical forces coming from the fingers.

In practice, the addition of holes to the orthosis could facilitate the attachment of
adjustable straps, rubbers, or bands. On the other hand, future work will include a case
study where the effectiveness of the orthosis and patient satisfaction will be considered.
Since changing the work routines of a specialist or technician can be difficult, it is also
considered important to include in future work the evaluation of the comfort of the special-
ist or technician in the use of the proposed methodology. Furthermore, the optimization
of the user graphical interface to guide the user through the steps that are carried out in
SolidWorks (step 7–step 9) will be considered. Furthermore, it would also be interesting to
apply the proposed methodology to the design of orthoses for other parts of the body.

5. Conclusions

In this paper, a suitable methodology for designing user-tailored orthoses was pro-
posed. Successful results were obtained by applying the proposed methodology to design
a user-tailored forefinger orthosis and a user-tailored thumb orthosis. The results obtained
for the forefinger orthosis showed that the proposed methodology is able to generate simple
and practical orthoses with a fairly easy and intuitive procedure. The results obtained for
the user-tailored thumb orthosis showed that the proposed methodology can be applied to
more complex designs and it does not require highly specialized skills. Additionally, the
current work showed that the biocompatibility of the PLACTIVE™ filament is not affected
after the extrusion process, suggesting that PLACTIVE™ filament is a feasible material for
3D-printed orthoses.
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