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Abstract
This study outlines a comprehensive methodology for the design and 3D printing of personalized wrist-hand orthoses. The 
novelty of this work consists in using a comprehensive methodology that combines 3D scanning, CAD modelling, FEM 
simulation, and FDM 3D printing to create a personalized wrist-hand orthosis (RO) that fits the patient’s hand geometry 
and biomechanical requirements with an increased breathability and ventilation. It starts with a precise 3D scanning process 
capturing complex hand details, followed by an accurate post-processing for data refinement. Subsequently, the imported 
mesh model is employed in CAD software to facilitate complex modelling of the orthosis. Using a reverse engineering 
approach, a 3D model of the orthosis is generated, accommodating its intricate and unique shape. Fused Deposition Modeling 
(FDM) technology is utilized to ensure cost-effectiveness, employing PLA material, known for its biomechanical attributes. 
Mechanical anisotropy inherent to 3D-printed objects due to layering is assessed through tensile tests, which are conducted 
with specimens printed at various orientations (0°, 45°/– 45°, 90°). Following established standards, mechanical proper-
ties are derived and added into a numerical simulation employing ANSYS Workbench software. This simulation aims to 
optimize the orthosis's design, considering approximate wrist-level loading conditions. The resultant structure is then real-
ized through FDM 3D printing technology. The orthosis's mechanical performance is evaluated via a 3-point bending test, 
consistent with prior literature standards, revealing high rigidity and load-bearing capabilities compared to existing orthotic 
devices. In the pursuit of ease of use, assembly and disassembly options are explored, culminating in a two-part orthosis 
design with a user-friendly Snap-Fit mechanism for simple use, durability, and resistance. Additionally, comfort and fitting 
tests validate the practicality of the design, while patients have the freedom to choose their preferred colour, enhancing the 
overall aesthetics and user satisfaction.
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Abbreviations
RO	� Wrist-hand orthosis
FDM	� Fused deposition modeling
O&P	� Orthoses and prostheses
KO	� Knee orthosis
AM	� Additive manufacturing
AFO	� Ankle–foot orthosis

PA	� Polyamides
PE	� Polyethylene
PLA	� Polylactic acid
ABS	� Acrylonitrile butadiene styrene
CFRP	� Carbon fibre-reinforced polymer
HIPS	� High-impact polystyrene
TPE	� Thermoplastic elastomer
PP	� Polypropylene
FEM	� Finite element method
FEA	� Finite element analysis

1  Introduction

An orthosis is a manufactured tool that provides external 
support to the spine, extremities and other body parts, 
reducing unwanted movement by the individual. Orthoses 
assist in the recovery of injured extremities and enhance 
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their functional capabilities [1]. Prostheses are medical 
tools used to replace missing body parts in the upper or 
lower limbs. Both devices are engineered to sustain spe-
cific body parts [2]. They possess similar design features, 
such as being lightweight, exhibiting high compression and 
tension strength, having high stiffness to counteract shear 
stress, demonstrating high resistance during impact, and 
being manufactured at low cost [3]. Orthoses and prostheses 
(O&P) are traditionally manufactured using various methods 
such as hand-carving, moulding, and casting. Hand-carving 
involves using hand tools to shape the orthosis or prosthesis 
from a solid block of material. Moulding consists of creating 
a mould of the limb or body part and then using that mould 
to create the orthosis or prosthesis. Casting involves creat-
ing a mould directly from the limb or body part and then 
using that mould to create the orthosis or prosthesis. The 
traditional method for orthosis manufacturing was based on 
creating a gypsum shell to cover the limb. However, this 
method possesses several disadvantages; apart from the 
lack of access to the limb during the recovery period, it can 
affect the skin with infections, exhaustion, itching, allergic 
reactions, and other complications that may harm the skin. 
Moreover, it lacks the user’s comfort and has a high weight 
[4].

The Industrial Revolution significantly impacted the 
manufacturing of orthoses and prostheses. With the advent 
of mass production techniques and the availability of new 
materials such as plastics and composites, the manufactur-
ing of orthoses and prostheses became more efficient and 
cost-effective. The healthcare industry is undergoing a sig-
nificant transformation, and expanding patient care through 
personalized products can significantly improve the quality 
of life for patients. Custom orthoses or prostheses enable 
greater comfort and reduced rates of adverse events by creat-
ing a more customized fit for each patient [5, 6]. The level 
of customisation plays a significant role in the success rate 
of the patient treatment [7]. In the realm of personalized 
product development, particularly in the manufacturing of 
orthoses and prostheses, rapid prototyping stands out as 
the preeminent technological approach. In this context, 3D 
printing has emerged as the most widely recognized method 
for immediate production. The medical industry has taken 
additive manufacturing (AM) as the leading manufacturing 
technology due to its ability to provide fast execution. The 
constantly changing nature of the human body requires con-
stant adjustment and adaptation of the prosthesis and the 
orthosis production [8]. It provides high freedom of design, 
manufacturing complex parts with a low material usage and 
cost efficiency, and increased functional performance with 
the least weight where we can manipulate it with the print-
ing parameters [9]. The AM, also known as 3D printing, is a 
manufacturing technology based on depositing the material 
layer by layer to form a 3D object following a digital model. 

This technology has been proven to have a high potential for 
custom manufacturing orthoses and prostheses [10]. The tra-
ditional O&P manufacturing techniques require several vis-
its for the patient's measurement, fitting and comfort, which 
can take around two weeks on average to be fabricated. The 
AM can solve such a problem and reduce the number of 
clinic visits [11].

Moreover, it can make the manufacturing process more 
accessible, provide more design flexibility, and reduce the 
cost, time, and materials waste for the O&P manufactur-
ing [12]. One additional advantage of AM technology is the 
ability to use finite element analysis to achieve an optimal 
topology while maintaining the same level of performance. 
This topology optimisation approach is not feasible with 
traditional manufacturing methods, making AM a highly 
desirable choice for producing complex structures. With 
AM, the ability to create intricate geometries and designs, 
coupled with the benefits of topology optimisation, allows 
for developing components with superior mechanical prop-
erties, reduced weight, and improved efficiency [13].

Two of the AM's different technologies were used in the 
O&P manufacturing. Selective laser sintering (SLS) was 
used in other applications such as the foot orthosis [14], 
ankle–foot orthosis (AFO) [15], prosthetic feet [16] and 
more. However, this process was costly due to the high 
expenses of materials and equipment [12], and when it 
comes to the high cyclic loadings, the SLS technology would 
not be selected due to the materials bending and strength 
resistance limitations. The fused deposition modelling 
(FDM) technology has proven suitable for the O&P manu-
facturing [17]. The fabrication process is based on giving 
the 3D printer an STL file which contains a certain G-code. 
A thermoplastic filament starts to be heated and extruded 
through a nozzle on a platform following the G-code, layer 
by layer until the final 3D object is finished. Several materi-
als are used in the FDM technology.

The AM, especially FDM, provides many advantages 
compared to conventional technologies. The most impor-
tant feature is its customisation manufacturing [18], the 
most desired quality in medical applications such as the 
O&P manufacturing [19]. The most crucial factor for user 
satisfaction is a customized product with individual charac-
teristics that best fit his body [20]. The AM also has many 
advantages that were mentionned previously compared to 
the conventional manufacturing [21]. The high accuracy of 
FDM 3D printing is due to the precise extrusion of pre-
heated plastic filaments by the nozzle at a constant speed. 
Depending on the type of FDM printer, the printing speed 
can also be relatively fast. However, research is still being 
conducted to improve the performance of FDM 3D printing 
technology [22].

However, The FDM technology possesses a significant 
disadvantage related to the mechanical properties of the 
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object to be manufactured [23]. These properties are often 
uncertain, hard to predict, and present anisotropic behaviour. 
Moreover, the printing process parameters have a high influ-
ence on the mechanical properties, too. These parameters 
have been studied to be optimized depending on the require-
ments of [24, 25].

Several materials are used for orthosis manufacturing. 
Usually, they are merged to get the desired characteris-
tics. Metal is used for long-lasting components, although 
it is weighty and not appealing. Thermoplastics are more 
aesthetically pleasing and have a lower weight. However, 
they exhibit less strength compared to metal. Thermoplas-
tic materials are more effective for short-term uses. Low-
temperature polymers may be formed directly on the body, 
unlike high-temperature plastics, although they are also less 
strong [5]. Thus, semicrystalline thermoplastic materials 
such as polypropylene (PP), Polyamides (PA), and polyeth-
ylene (PE) are mainly used for the manufacturing of con-
ventional orthoses due to their suited material properties. 
These materials are known for their flexibility, toughness, 
chemical resistance, and low density [26]. H. Beckennan 
et al. [27] used the PP material for an AFO manufacture, 
this material allowed a minimal dorsiflexion caused by the 
material transformation and the good balance between the 
strength and flexibility of the material, which is essential 
for proper fitting and comfort of the AFO. Also, it has been 
mentioned by [28] that the PA 12 material in terms of flex-
ibility and chemical resistance is better than ABS, PLA and 
High Impact Polystyrene (HIPS) materials. However, it has 
the highest manufacturing cost and comes second in terms 
of stress resistance after the PLA material. Each polymer 
material has both limitations and benefits compared to other 
materials. It is also possible to use composite materials in 
the manufacturing of orthosis with the FDM technology. J. 
Rybarczyk et al. [29] used both ABS and ABS with carbon 
fiber to print a leg orthosis. The tests confirmed an improve-
ment in resistance by adding the carbon fibre to the material.

Concerning the materials, it has been proven that the PLA 
material is the best for orthosis printing. However, it can 
soften and weaken if used at a temperature above 60 °C [30]. 
The PLA is the most common 3D printing material. It is a 
biocompatible and non-toxic material with high stress resist-
ance and low cost compared to other FDM printing materi-
als. Its mechanical properties are wildly investigated, and it 
was proven to have anisotropic mechanical characteristics 
for its 3D printing Field [31, 32], making it the best mate-
rial to use in our case. PLA is known for being odourless 
and quickly heating up, and it is less prone to deformation 
than acrylonitrile butadiene styrene (ABS). As a result, PLA 
does not require a very hot platform during the 3D printing 
process, which can simplify the printing setup [22].

Looking at the state of the art of this research field, 
we can find that R. Chen et  al. [12] conducted a study 

comparing two AM fabricated ankle–foot orthoses (AFOs) 
using PC-ABS material and the Polyetherimide (PEI) also 
known as ULTEM material with a conventional polypropyl-
ene (PP) AFO. Their experimental results showed that the 
FDM AFOs had lower strain during the subject's gait. The 
team developed a finite element model (FEM) with both 
static and dynamic loading conditions to predict the strain, 
stress, deformation, and stiffness of the AFOs. The FDM 
technology was found capable of fabricating AFOs with suf-
ficient strength and stiffness, although the durability of the 
FDM AFOs still needs to be tested.

Manufacturing time using FDM 3D printing of personal-
ized orthoses and prostheses takes approximately one day. 
However, the research team expects this time to be reduced 
by incorporating optimal topology geometry and sparse 
structure, potentially increasing the printing process's effi-
ciency and speed. Chen and his colleagues concluded that 
FDM can be a more feasible option for personalized orthoses 
and prostheses. M. Ali et al. [22] analyzed a finite element 
of a 3D-printed AFO using different FDM materials. It was 
concluded that the carbon fibre-reinforced polymer (CFRP) 
had the best mechanical performance, precisely the PLA 
polymer. An experimental study was made by F. Górski 
[28], which was based on the best material to print a wrist-
hand orthosis (RO). Acrylonitrile–butadiene–styrene (ABS), 
polylactic acid (PLA), high-impact polystyrene (HIPS), and 
polyamide 12 nylon (PA12) were investigated with economi-
cal, accurate and strong printing settings. The economical 
settings use a 15% infill density and 0.3 mm layer thickness 
which is optimized for cost-efficiency and faster printing 
times. The accurate settings are a 15% infill density and 
0.15 mm layer thickness that prioritizes high precision and 
detail. And the strong settings used a 90% infill density and 
0.3 mm layer thickness to enhance the strength and durabil-
ity of the printed object. The wall thickness they used was 
4 mm, and they applied an offset between the orthosis and 
the patient hand geometry of 3 mm. It was found that the 
PLA material was the strongest. The PLA horizontal accu-
rate strategy performed the best force break with a 1412 N 
value. The orthosis final modelling results are presented in 
Fig. 1.

Savov et al. [4] developed a rapid, automated method for 
personalized orthosis design. This research resulted in the 
creating of a computerized tool importing the scanned organ 
and exporting a premade model for orthosis creation. An 
example of the premade orthosis model is given in Fig. 2. 
Their method is based on two steps, the first step is to create 
a CAD model from the scanned organ. And by an automated 
macro, which creates surfaces offsetted with the the scan file 
to be swept and then extruded to have the premade ortho-
sis model. The results to this model is shown in Fig. 2a. 
The second step is for the topology optimization by cutting 
the material from the premade model following a specific 
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mapping strategy resulting to the optimized premade model 
of the orthosis that is shown in the Fig. 2b. Research by A. 
Dal Maso and F. Cosmi [32] was based on a 21-year-old 
woman who had problems when walking wearing a plaster 
ankle–foot orthosis (AFO). They used the FDM technology 
to create a fully customized AFO. They used the FEM on 
the optimized geometry to ensure that the orthosis is resist-
ant enough and that it sustains the foot during the load of 
the walk phases. Some researchers designed a flexible neck 
orthosis using the FDM technology with the thermoplastic 
elastomer (TPE) material. They also made a FEM to validate 
the resistance of their orthosis. The maximum enlargement 
was the optimum in pattern design for different loading con-
ditions, increasing the breathability of the orthosis in use 
[33].

Leite et al. [34] presented a technique for producing med-
ical parts using additive manufacturing and 3D scanning. 
Specifically, they aimed to develop a knee orthosis (KO) by 
following a process that included scanning the knee, design-
ing the orthosis, manufacturing the device, and then con-
ducting testing. Ultimately, they produced five prototypes, 
with the final one successfully meeting the initial design 
requirements. Notably, the final KO was more comfortable, 

more accessible to replace, lighter, had reduced pressure 
areas, and was thinner than previous versions.

William K. Durfee and Paul A. Iaizzo [35] emphasized 
the importance of knowing and documenting the fabrication 
parameters when 3D printing a medical device. Parameters 
such as slicing thickness, infill density, and build path can 
impact the device's stiffness, hardness, and yield strength. 
Additionally, the device's mechanical properties are influ-
enced by its build orientation and the size and placement 
of support structures. Even the position of the part in the 
build volume can affect its mechanical properties. It is 
important to note that the machine software usually makes 
support decisions automatically and can vary between ven-
dors. Finally, temperature and humidity in the built environ-
ment should be controlled to ensure consistent prints—the 
work produced by Rita Ambu et al. [36] presents a study 
on the design of a customized neck orthosis using fused 
deposition modelling (FDM) with a new sustainable bio-
composite. The study aimed to develop a lightweight, ven-
tilated, hygienic, and comfortable orthosis for neck injuries. 
The authors used the anatomic data of a volunteer subject 
to model the orthosis using CAD software. Two geometri-
cal patterns were introduced to improve breathability and 
lighten the orthosis. Finite Element Analysis (FEA) was 
conducted to assess the structural performance of the two 
patterns. The study found that the elliptical pattern outper-
formed the honeycomb pattern regarding displacement and 
maximum Von Mises stress for both models under the same 
loading conditions. The oval holes pattern performed better 
than the honeycomb pattern in terms of structural perfor-
mance and improved the orthosis's breathability.

With the combination of the AM technology and the 
FEM, the O&P manufacturing has been developing day 
by day. Some work used this combination to determine the 
cross-sectional strut dimensions of an AFO following tem-
perature and frequency loads [15]. In another study, it was 
used to evaluate the performance of an AFO with additional 
space for the air to circulate to solve the high heat and sweat-
ing [13]. Most of the FEM studies on O&P manufactur-
ing using the AM technology were to evaluate the strength, 
deformations, spot the stress areas, the best patterns, etc. 

Fig. 1   RO modelling results. 
a ORTHOSIS on the forearm 
phantom, b vertically manufac-
tured orthosis using the PLA 
material with different strategies 
[(left to right): economical, 
accurate, strong] [28]

Fig. 2   Premade orthosis models creation example (a Non-optimized 
model; b Optimized model) [4]
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However, only some researchers used it to have the optimal 
topology.

RO is the most used orthosis product because the most 
common injuries are at the Wrist-hand level, with 25% for 
the paediatric population and 18% for the elderly age group 
[37]. In our work, we will focus on the static RO, which is 
based on eliminating the wrist movement at a given position.

Getting a specific shape is a time-consuming computer-
aided design (CAD) modelling process [37], and the FDM 
process products' accuracy and strength are challenging 
to satisfy for the variety of parameters that impact the 
mechanical properties [38]. There are several designs 
available in the literature. However, the model needed 
optimization for the best topology and material distribu-
tion. The optimization process in the work done by K. 
Savov et al. [4] and F. Górski et al. [26] involved material 
removal either randomly or following a specific pattern of 
holes mapping. This optimization process will result in 
more material removal and can lead to a lighter orthosis, 
however, this material removal can weaken the orthosis 
on the stressed areas in which we need higher resistance. 
This point led us to this paperwork idea in which we will 
develop an optimized orthosis with a specific optimiza-
tion depending on a certain load. The objective is then to 

design a customized RO with an optimized topology using 
finite element modelling to have an optimum material dis-
tribution that will be the distinct point compared to the lit-
erature. Our orthosis must resist the load needed with the 
least weight, and have the necessary fit and surface quality, 
which must satisfy the patient and reduce the cost and 
time. And then we will compare our orthosis resistance 
with other orthoses and show that it has the same range of 
resistance, is lighter and guarantees the requirements. For 
this objective, a study on the mechanical behaviour of the 
material must be carried out, and a CAD modelling strat-
egy has to be followed, which reduces the modelling time.

2 � Materials and methods

2.1 � Work plan

The following scientific work plan was employed to 
accomplish our objective within an optimal timeframe. 
The list of tasks to summarize the work plan is presented 
in Fig. 3:

Fig. 3   Work plan flowchart
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2.2 � Scanning process

Two scanners were utilized in the scanning process: the 
Sense scanner and the Artec 3D scanner. It was determined 
that the Sense scanner yielded superior results. The scanning 
setup involved positioning the elbow on the edge of a chair, 
as depicted in Fig. 4. The outcome of the scanning process is 
presented in Fig. 5. The 3D Systems Sense Scanner software 
was used to extract the OBJ file, which was then used to fill 
empty areas and smooth the surface. For post-processing, the 
AutoDesk Meshmixer software was employed. The OBJ file 
was imported, cleaned, and ground as necessary, resulting in 
the final scanned hand, as illustrated in Fig. 6.

2.3 � CAD modeling process

The mesh, which was obtained from the hand scanning 
and post-processing steps and exported as a “.mesh” file, 
was imported into SOLIDWORKS 2020 CAD software for 

further analysis, as shown in Fig. 7. A slicing command was 
applied to the region with an offset of 10 mm for each slicing 
plane, resulting in multiple intersection splines between the 

Fig. 4   Patient position during 
scanning process

Fig. 5   Patient hand scanning output Fig. 6   Post-processed patient scanned hand

Fig. 7   Imported mesh file of the scanned hand in SOLIDWORKS 
software
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mesh part and the slicing planes. A balance of 1 mm was 
applied to each spline to allow for the inclusion of a soft 
cloth for added comfort during use. A boundary boss feature 
was applied to the splines to create a solid part. An outward 
shell function was applied to the external surface, providing 
the ability to adjust the thickness of the orthosis, which was 
set to 2 mm in this case. These steps resulted in the orthosis 
CAD model shown in Fig. 8.

2.4 � Filament mechanical properties investigations

When it comes to the material choice for this investigation, it 
is possible to use different materials from PLA, ABS, PETG 
and other polymers. Also, we can work on dual materials 
such as composite materials which can reinforce our orthosis 
and enhance its properties. However, we have chosen the 
PLA material in our investigation due to its recommenda-
tion in most of the literature and due to its availability in the 
market, with a low price, ease of use, and its sustainability.

In this study, we used PLA filament from “Filament PM”, 
a supplier based in Portugal. The PLA filament is white with 
a diameter of 1.75 mm. It requires a nozzle temperature 
range of 190–210 °C and a bed temperature of 60 °C for 
optimal printing conditions.

This study investigates the mechanical behaviour of our 
3D-printed PLA material by printing tensile test speci-
mens. The specimens were used to extract the material's 
mechanical properties, which were then incorporated into 

a numerical model. This information is crucial for under-
standing the capabilities of 3D printed PLA material and 
is used to optimize the design and manufacturing process 
for the orthosis. For this purpose, we used the software 
SolidWorks for the CAD modeling. By saving the file 
into an STL format, we imported it into ideaMaker slic-
ing software to manipulate the printing parameters. We 
used a white PLA material provided by Filament PM for 
the printing and using the ORIGINAL PRUSA i3 MK3 
printer.

To evaluate the effect of printing orientation on the ten-
sile properties of PLA material, four specimens were fabri-
cated for each of the following orientations: 00°, 45°/– 45°, 
and 90°. The printing parameters, including layer height 
(0.15 mm), printing speed (60 mm/s), infill density (100%), 
printing temperature (210 °C), and bed temperature (60 °C), 
were held constant throughout the experimentation.

The ASTM D638-02a [39] (Type I specimen, with 4 mm 
thickness) standard was utilized to conduct tensile testing 
with the dimensions given in the Fig. 9.

The tensile testing was performed using the MTS 810 
machine. The testing speed was by the ASTM standard at 
5 mm/min. The results of this study are presented in Fig. 10, 
which illustrates the 3D-printed tensile specimens with dif-
ferent orientations.

A total of four specimens were tested for each print-
ing orientation, and the results were found to be consist-
ent. The mean values of the curves were calculated and 

Fig. 8   Orthosis first CAD 
model

Fig. 9   ASTM D638-02a stand-
ard dimensions in mm [39]
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compared to determine the impact of printing orientation 
on the mechanical properties of the printed material.

2.5 � Topology optimization

This study aims to conduct a numerical simulation of 
a wrist-hand orthosis model by applying realistic loads 
and visualising the areas of high-stress concentration. 
The simulation was performed using ANSYS Workbench 
2021 R2, which provides a fast computation time and 
easy mesh manipulation depending on the needs. The 
process involved importing a CAD orthosis model and 
incorporating the mechanical properties of PLA material 
as determined by tensile testing. Equations 1 and 2 [43] 
were applied to the stress and strain data obtained from the 
testing to ensure the results were rational.

The simulation used boundary conditions and loads 
that mimicked real-world situations. Utilizing the muscle 
groups and parameters for muscle modelling investigated 
by K. R. Holzbaur et al. [40], the analysis allowed for the 
calculation of the maximal force generated during vari-
ous wrist movements. Wrist flexion emerges as the most 
robust movement, demonstrating a force of 304.9 N. Sub-
sequently, the extension movement yields a maximal force 
of 100.5 N, trailed by radial deviation at 74 N, and ulnar 
deviation registering a maximum force of 128.9 N. Con-
sidering the intricate nature of force modelling in diverse 
applications, we chose to simplify the simulation by treat-
ing it as a flexion force at the wrist, we applied these forces 
at the wrist level. Additionally, we fixed both ends of the 
orthosis pointed with blue and conducted the optimisation 
process under these conditions as Fig. 11 shows.

The mesh used for the simulation was a triangular quad-
ratic interpolation with a mesh size of 1 mm, enabling us 
to obtain more reliable and realistic results for the topol-
ogy optimisation process.

The results of the simulation are presented in Fig. 12.

With σ: real stress, ε: real strain, R: conventional stress 
and e: conventional strain.

The results presented in Fig. 12 show the distribution of 
the stress over our model which was subjected to the loads 
mentioned. Most of the stress is located at the wrist area 
and a portion of the stress is located at the sides.

The ANSYS Workbench software was selected for the 
numerical investigation because it enables the selective 
manipulation of results based on stress analysis. This capa-
bility allows for the removal or hiding of mesh elements that 
experience stress levels below a specified threshold, mak-
ing it easier to focus on areas with higher stress concentra-
tions. As demonstrated in Fig. 12, regions of low stress to 
none stressed presented in navy blue to sky blue colors are 
to be eliminated from model. The areas where the stress 
is mostly concentrated are presented in red moving to less 
stress which are presented in green which must be kept in the 
final model. We excluded or concealed the mesh areas with 
low stress and maintained the mesh regions that experience 
high stress or exceed a specified stress level resulting into 
the model in the Fig. 13. The optimized mesh file shown in 
Fig. 13 was then exported into another mesh file, and sub-
sequently imported onto a separate, non-optimized orthosis 
model as Fig. 14a shows. To visualize non-stressed areas, 
we changed the transparency of the orthosis model to see the 
mesh imported from the previous results. This step gave us 
the opportunity to see the areas in which we do not have any 
mesh, which present the zones in which we can remove the 
material. We then removed the material using an elliptical 
shape to avoid stress concentrations, as shown in Fig. 14b, 
which presents the mesh over the optimized model. The opti-
mized model is then depicted in Fig. 14c.

(1)Rational or real stress ∶ � = R × (1 + e)

(2)Rational or real strain ∶ � = ln (1 + e).

Fig. 10   3D printed tensile test specimens for each printing orientation. The circular images show a zoomed-in view of the printing orientation. 
(a 00°, b 45°/– 45°, and c 90°)
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2.6 � RO manufacturing

To optimize the time and cost of the printed product, the 
printing parameters and the printing orientation must be 
carefully chosen. This may include adjusting the layer thick-
ness, printing speed, and temperature, as well as considering 
the direction of the object in the build space to minimize 
the use of support material and reduce the overall print-
ing time. This can also include the object's positioning in 
the build space to reduce the amount of support material 
required and increase the efficiency of the printing process. 
In our case, the optimal position for printing the orthosis 

is shown in Fig. 15. This allowed us to print it without any 
support material even for the removed materials areas. By 
reducing the printing speed of the outer shell, we don’t have 
to add any support to these areas. And then, no cleaning, 
support removal and post processing to our orthosis after 
the manufacturing is needed. Which will gain us time to 
have the orthosis ready to use with a smooth surface quality. 
However, in this printing orientation, the material behaviour 
is the lowest (90°) for the flexion at the wrist level. We used 
the same white PLA material as used for printing the tensile 
test specimens, with a 100% infill density. We have chosen 
0.15 mm layer height, 60 mm/min intern printing speed, 

Fig. 11   Loads and bound-
ary conditions applied on the 
orthosis

Fig. 12   Stress results of the 
orthosis simulation
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and 30 mm/min for the outer and inner shells for high sur-
face quality and optimal printing time. The supports for the 
orthosis were fabricated using a 3D printer and underwent a 
three-point bending test on the MTS 810 machine. The sup-
ports were securely fixated on the device to ensure stability 
during the experiment and prevent sliding of the orthosis.

2.7 � RO strength‑resistant experimental tests

ISO 22523:2006 [41] stands as the globally adopted stand-
ard for External Limb Prostheses and External Orthoses 
(ELPOs). It outlines criteria and testing procedures covering 
various aspects of ELPOs, encompassing durability, materi-
als, usage limitations, risk assessment, and usage instruc-
tions. Notably, this standard does not include specific test 
conditions for wrist-hand orthoses. Consequently, we have 

opted for the three-point bending test to assess the durability 
of our wrist-hand orthosis. This test is standardized, depend-
able, precise, and relatively straightforward to execute.

The three-point bending test was conducted on an MTS 
810 machine, with two tests performed. The flexion load was 
placed at the wrist level. The loading speed was 5 mm/min, 
moving downward vertically at the wrist level. The printed 
RO support for the test eliminated the movement freedom 
of the orthosis due to its shape. These supports were manu-
factured to be placed at a 50 mm distance from the flexion 
load. The first test revealed a defect in the orthosis's hori-
zontal alignment, with an aligned angle of 11°, as shown in 
Fig. 16. This misalignment led to a slight sliding and a stress 
concentration at the left support level, ultimately causing the 
orthosis to fail. In comparison, the second test addressed 
this issue by correcting the alignment problem, reducing the 

Fig. 13   None stressed areas 
elimination with the numerical 
results

Fig. 14   The hand orthosis opti-
misation process (a imported 
mesh, b material removal from 
the orthosis model, c optimized 
hand orthosis)
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angle to 2°, by modifying the support design and incorporat-
ing round edges to reduce the force concentration at specific 
areas. This improved alignment is depicted in Fig. 17. The 
study conducted three-point bending tests until the failure 
of the orthoses, and the outcomes of the experiments are 
presented through load–displacement curves.

3 � Results

In this section, we will work on the different experimental 
results found in the investigations carried out, starting with 
the tensile tests made to extract the mechanical behaviour 
of the white PLA material that we used, going through the 

results found by the three-point bending tests made on the 
orthoses models, and finally presenting the results of the 
fitting and comfort tests.

3.1 � Tensile tests results

The results are depicted in Fig. 18. The comparison of 
the elastic behaviour of various printing orientations 
revealed that while each exposure exhibited similar elastic 
behaviour, the 90° specimen displayed lower stress resist-
ance. Notably, the strain at fracture differed significantly 
between the orientations, with the 90° specimen failing at 
a value of 0.02 and showing minimal plastic deformation. 
In contrast, both the 00° and 45°/– 45° specimens exhib-
ited elastoplastic behaviour, with the 00° specimen failing 
at a value of 0.03 and the 45°/– 45° specimen failing at 
a value of 0.05. These results show that the best printing 
orientation is the 45°/– 45° which gives the best combina-
tion of stress and strain values while the 90° is the weak-
est orientation that has the lowest deformation and stress 
resistance and doesn’t have any plastic deformation. This 
issue is caused by weak interlayer adhesion and structural 
instability resulting from the layers being deposited hori-
zontally, which are perpendicular to the applied load dur-
ing our tensile tests. In our numerical simulation, we used 
the 90° printing orientation for the material's mechanical 
behavior because the orthosis was printed vertically. This 
approach was chosen to reduce printing time and costs, 
as using the 45°/– 45° orientation would have required 
additional support material, increasing both the time and 
expense of the printing process. Additionally, since the 
orthosis is printed vertically, the load applied during test-
ing is perpendicular to the printing orientation, aligning 
with the 90° tensile specimens.

Fig. 15   The printed orthosis position in vertical building orientation

Fig. 16   First experimental 3-point bending test

Fig. 17   Second experimental 3-point bending test
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3.2 � RO experimental tests

The first orthosis test identified two major failure points, as 
depicted in Fig. 19. The first failure point, surrounded in red, 
was caused by a stress concentration at a weak spot and an 
acute part of the orthosis support, failing a force of 600 N. 
The second failure point, surrounded in green, was caused 
by a stress concentration at the support part and failed at a 
force of 1000 N. This test did not work as expected. The 
first failure point occurred at the support area due to the 
misalignment of the orthosis during the test, which caused 
the load force to concentrate mainly on the left side of the 
support. Additionally, the sharp edges of the supports used 
in the initial test contributed to the failure. We did not visual-
ize any sign of failure at the wrist loading area which led us 
to the second test. In this test, we modified the supports by 
incorporating round edges to address this issue.

The orthosis alignment made with the support modifica-
tions improved performance regarding resistance to bend-
ing strength. The failure occurred in the expected bending 
area rather than a weak spot, as observed in the first test. 
The test curve shown in Fig. 20 illustrates three distinct 
failure points. The first point, which occurred at a force 
of approximately 600 N, was caused by a concentration of 
reaction force in a weak spot and is indicated by the red 
colouration in Figs. 18 and 19. The second failure point 
on the orthosis's lower side occurred for the same reason 
but at a higher force of 800 N, as indicated by the green 
colouration in the exact figures. The final failure point, at 
a force of approximately 1170 N, occurred in the overall 
orthosis and is indicated by the black colouration in the 
figures.

Additional details of the experimental test results can 
be found in the curve presented in Fig. 21.

Fig. 18   Stress–strain curves for 
different printing orientations

Fig. 19   Failure areas of the 
first test (red: first failure area, 
green: second failure area)
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The initial experimental test did not fail at the wrist level 
where the bending tool was applied, despite the results 
indicating that the orthosis could withstand up to 1030 N. 
This outcome prompted a second test to be conducted with 
improved alignment. The second test yielded similar failure 
points as the first, but the orthosis resisted the load until 
failure occurred at the wrist level where the bending tool was 
applied during the bending test. At this point, the orthosis 
exhibited a complete break, as depicted by the black circles 
in Fig. 20. The maximum load that the orthosis could sus-
tain was 1170 N. This load resistance exceeds the typical 
requirements for orthosis applications. During our introduc-
tion, we found that wrist-hand orthoses do not need to bear 
loads higher than 300 N, as mentioned by F. Górski et al. 
[28]. Additionally, K. R. Holzbaur et al. [40] investigated 
that the maximal force generated during wrist movements 
is approximately 304.9 N.

Our topology optimization strategy enabled the fabrica-
tion of a high-resistance orthosis, demonstrating the accept-
ability of this design. The orthosis can withstand the loads 
exerted by the human body to maintain wrist stability and 

can even be employed for external load protection. However, 
the deformation that occurs at the load area must be consid-
ered. In our case, the orthosis experienced a deformation of 
18 mm, which includes the cumulative deformations from 
various failure points at the maximum load applied (1170 
N). These defects refer to the incremental deformations 
occurring as each failure point was reached. This deforma-
tion is not the deformation the orthosis was subjected to at 
the wrist level. It includes the deformations caused by failure 
points during the test. The true deformation at the wrist level 
is unknown and we need other tests to evaluate this point. 
However, maintaining a high load at the wrist level is the 
focus of this paper. By visualizing the curves, each failure 
occurred at nearly 6 mm from the previous one. This can be 
the deformation before failure of the orthosis at the wrist 
level too. The deformation is a significant factor to consider 
in the context of the orthosis's intended use. This could 
impact the functionality, fit and effectiveness of the ortho-
sis during the recovery process. Therefore, it is essential for 
clinicians to specify the maximum allowable deformation 
under a given load. The orthosis thickness is a parameter 

Fig. 20   Failure areas of the 
second test (red: first failure 
area, green: second failure area, 
black: third failure areas)

Fig. 21   Three-point RO bend-
ing tests—different axial forces 
in function of the displacements
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that we can manipulate to have higher resistance and lower 
deformation to have the demanded rigidity of the orthosis.

3.3 � Fitting and comfort tests

We investigated various possibilities to design an orthosis 
that is easy to assemble and disassemble as needed by the 
user. Through this investigation, we determined that the most 
effective solution would be to divide the orthosis into two 
parts and implement a Snap-Fit design on each side. The 
design was optimized for resistance, durability, and ease of 
use. Additionally, we conducted comfort and fitting tests to 
ensure that the design was functional and practical for the 
intended use by putting the orthosis on moving the wrist 
for possible movement and trying its fitting, assembly, and 
disassembly. The results of these efforts are presented in 
Fig. 22. Furthermore, the design was improved to be visually 
pleasing, and patients also had the option to select their pre-
ferred printing colour for added satisfaction. The patient can 
also easily open and close it by himself. Overall, our design 
aims to enhance the usability and satisfaction of orthotic 
devices for patients.

4 � Discussion

The main objective of this work is to manufacture a cus-
tomized RO that provides high performance while keep-
ing the hand comfortable and breathable. Our study also 
addressed the orthosis quality, cost, and manufacturing time. 
The quality was improved by providing more airing area 
on the orthosis, following the stress it will be subjected to. 
Cost and time were evaluated by optimizing the topology, 

which reduced the material and time required for manufac-
turing. Additionally, we chose the right parameters, such 
as the building position, which did not require any sup-
port materials, thus reducing the printing time. The second 
goal was to choose the best method for the entire process, 
which included reverse engineering, CAD modeling, and 
FDM technology, known for being cost-effective and time-
efficient. We also utilized tensile tests to extract the material 
properties in different printing orientations and incorporated 
these properties into our simulation process. This allowed 
us to optimize the orthosis topology based on the loads it 
would be subjected to.

For the scanning process, our model does not require a 
high-accuracy scan but a good post-scanning process to have 
a smooth model. Also, the posture of the scan has a signifi-
cant impact on the model. We had to find a position where 
we could continuously scan our hands without obstacles for 
more details acquisition. The 3D model we saw with the 
scanning process was acceptable and took 15 min.

After the scan, a CAD modelling strategy was used, 
which can be automated in the future. These steps took 
around half an hour on an average laptop, resulting in the 
first RO model in which we can manipulate the thickness 
depending on our need for stress resistance. In our case, 
we started with a 2-mm thickness. Once we create the first 
model, the FEM will be next. Thus, it is necessary to have 
the mechanical properties of our material. However, the 3D 
printing materials properties need to be provided correctly, 
and an anisotropic behaviour will be present in our printed 
part, leading us to investigate the PLA material used.

The previous tensile test results show that our case's 
favourable printing orientation is the 45°/– 45° printing ori-
entation. However, due to the thin wall of our orthosis, the 

Fig. 22   The optimized orthosis final result. a–e Detailed views of various parts of the orthosis, highlighting its design features and functionality; 
f–h fitting tests of the orthosis, demonstrating its application and fit
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printing strategy would not impact the strength of our ortho-
sis but the orthosis position. The printing position should be 
horizontal for more stress resistance, but this position will 
cause a high material consumption for the support required, 
thus more printing time and higher cost. For the vertical 
position that does not require any support material, the print-
ing of the complete orthosis will pass from 70 to 18 h, but 
the stress resistance on the wrist level will be the weakest. 
We have chosen the vertical printing position and investi-
gated the orthosis printed on that position. That led us to use 
the 90° specimens behaviour in the FEM for the topology 
optimisation.

The topology optimization was a significant gain using 
ANSYS Workbench due to its rapid and easy manipulation. 
By importing our model, the mechanical behaviour of our 
PLA material extracted from the tensile test, and applying 
the necessary boundary conditions, the numerical simulation 
took around 10 min using a quadratic 1 mm mesh size. The 
results are those of a flexion force load applied at the wrist 
level, an approach to the experimental test made during our 
work. The optimisation that has been made was done follow-
ing the results found by the load.

The orthosis manufacturing process can be designed to 
provide different levels of support and resistance based on 
the wearer's needs. Depending on the objective, such as 
alignment, movement support, resistance, weight support, 
or protection, the appropriate manufacturing process, mate-
rials, and geometry will be chosen [7]. The requirements 
for the orthosis will be established based on the specific 
application for which it will be used. In our case, we worked 
on a rigid orthosis that needs to resist to the joint movement 
[42]. Thus, it needs to be able to fixate the wrist movement 
by resisting to a certain load and needs to be comfortable 
and custom fit to the user.

The experimental tests on the orthosis showed that if 
tested properly, the orthosis can maintain up to 1170 N with 
only 2 mm thickness, which is more than required by a RO, 
as stated by F. Górski et al. [28], with the help of experts 
such as physiotherapists and orthopedists, that in practice, 
the RO does not have to bear a load higher than 300 N. By 
comparing our findings with the results of F. Górski et al. 
[28], we found out that their results are close to our results. 
For the strength testing, their best orthosis resisted against 
a load of 1328 N for the vertical printing position using 
PLA material, while our orthosis resisted against 1170 N 
for the vertical printing direction. Also, we are using a lower 
layer thickness for higher accuracy and better surface quality 
(0.15 mm compared to 0.3 mm of Górski’s orthosis). We 
could have an orthosis with a similar resistance but with 
lower thickness due to the topology optimisation done fol-
lowing numerical simulation results of an approximate load 
that can be applied to the orthosis during its operation.

This, despite all the different experimental conditions 
between our two flexion tests, which are:

•	 Different orthosis thickness: their orthosis has a 4 mm 
thickness, while ours has a 2 mm thickness.

•	 A forearm phantom (Fig. 1) supports their orthosis, 
which improves the orthosis resistance.

During the test, our orthosis had no internal support; this 
proves the effectiveness of our topology optimisation strat-
egy using the numerical simulation.

The present research investigated a unified, topology-
optimized orthosis design with the aim of minimizing its 
weight. The final design included a snap-fit mechanism to 
facilitate assembly and disassembly during testing of the 
orthosis fit. Despite this method has usability benefits, its 
implementation requires more research to understand its 
effect on overall stiffness. To guarantee the required stiffness 
of the final design, further research will use mechanical tests 
or simulations to assess the mechanical reaction of the snap-
fit design. This analysis is essential for refining the design to 
achieve the necessary rigidity. By examining different snap-
fit configurations, our goal is to develop a mechanism that 
provides exceptional stiffness and ensures it does not fail 
before the orthosis itself during flexion testing or during use.

5 � Conclusion

In conclusion, this study successfully achieved the primary 
objectives of designing and 3D printing a customized wrist-
hand orthosis (RO) that prioritizes high performance, opti-
mal fit, and practical usability while considering cost and 
manufacturing time. User comfort was evaluated through 
detailed fitting tests on the patient, ensuring that the orthosis 
provided the necessary support without causing discomfort. 
Additionally, design features such as increased airflow and 
an optimized topology were incorporated to enhance over-
all comfort and practicality for the user. The utilization of 
3D scanning combined with 3D printing technology, com-
plemented by finite element analysis (FEM) for topology 
optimisation, proved to be a practical approach. Notably, 
investigating the PLA material properties and printing ori-
entations contributed to optimising the orthosis's mechanical 
performance. The experimental tests demonstrated excep-
tional load-bearing capabilities, surpassing relevant RO 
requirements. Moreover, a comparison with prior research 
highlighted the efficiency of this study's design. Looking 
ahead, the insights gained from this work can be extended 
to explore orthotic and prosthetic applications for differ-
ent body parts, leveraging similar strategies and numerical 
simulations to validate further and enhance the outcomes 
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of this research, thereby advancing the field of customized 
medical devices.

The key findings of our research are presented in the fol-
lowing bullet points:

•	 Utilization of Technology: The utilization of 3D scan-
ning combined with 3D printing technology, comple-
mented by finite element analysis (FEM) for topology 
optimization, proved to be a practical approach for the 
modeling of a customized RO orthosis.

•	 Material Properties: Investigation of the PLA material 
properties with different printing orientations contributed 
to optimizing the orthosis's mechanical properties in our 
simulations.

•	 Load-Bearing Capabilities: The experimental tests 
demonstrated exceptional load-bearing capabilities, sur-
passing relevant RO requirements.

•	 Comparison with Literature: Compared to other find-
ings in the literature, our orthosis performed nearly the 
same load bearing with a 2 mm thickness compared to 
other orthoses with a 4 mm thickness.

•	 Snap-Fit Mechanism: The integration of the snap-fit 
mechanism in our orthosis allowed for easy assembly 
and disassembly.

•	 User Comfort and Design Features: The orthosis per-
formed well in fitting tests on the patient, ensuring that 
the orthosis provided the necessary support without caus-
ing discomfort. Design features such as increased airflow 
and an optimized topology were incorporated to enhance 
overall comfort and practicality for the user.

In future, we will work on different body orthoses, such 
as the ankle–foot orthosis, knee orthosis, or neck orthosis, 
using the same methodology and technology. We will also 
explore the possibility of extending this work to prosthe-
sis manufacturing, such as artificial limbs or joints, which 
may require more complex design and fabrication processes. 
Also, it is planned to investigate different materials or com-
posites that have better mechanical properties, biocompat-
ibility, and durability than PLA.
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