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Preface

This volume of Lecture Notes in Mechanical Engineering gathers selected
papers presented at the 7th International Scientific-Technical Conference
MANUFACTURING 2022, held in Poznan, Poland, on May 16–19, 2022. The
conference was organized by the Faculty of Mechanical Engineering, Poznan
University of Technology, Poland.

The aim of the conference was to present the latest achievements in the broad
field of mechanical engineering and to provide an occasion for discussion and
exchange of views and opinions. The conference covered topics as follows:

• mechanical engineering
• production engineering
• quality engineering
• measurement and control systems
• biomedical engineering.

The organizers received 165 contributions from 23 countries around the world.
After a thorough peer-review process, the committee accepted 91 papers for con-
ference proceedings prepared by 264 authors from 23 countries (acceptance rate
around 55%). Extended versions of selected best papers will be published in the
following journals: Management and Production Engineering Review, Bulletin
of the Polish Academy of Sciences: Technical Sciences, Materials, Applied
Sciences.

The book Advances in Manufacturing III is organized into five volumes that
correspond to the main conference disciplines mentioned above.

Advances in Manufacturing III – Volume 5 - Biomedical Engineering:
Research and Technology Innovations, Industry 4.0 presents current research
and technology trends in the young, yet exciting field of biomedical engineering.
Chapters were carefully selected to highlight important advancements in the field of
design, digital analysis, and 3D printing of medical devices. Current challenges
related to the application of medical imaging and 3D scanning are discussed, as
well as the application of finite element analysis in bioimaging. Additive manu-
facturing technologies used for developing personalized medical devices are also
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discussed. Further, the application of production and quality management tools in
medical engineering is described. This book gathers 13 chapters prepared by 40
authors from five countries.

We would like to thank the members of the international program committee for
their hard work during the review process.

We acknowledge all people that contributed to the staging of
MANUFACTURING 2022: authors, committees, and sponsors. Their involvement
and hard work were crucial to the success of the MANUFACTURING 2022
conference.

Filip GórskiMay 2022
Michał Rychlik
Răzvan Păcurar
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Evaluation of a Prototype System of Automated
Design and Rapid Manufacturing

of Orthopaedic Supplies

Filip Górski(B) , Radosław Wichniarek , Wiesław Kuczko ,
Magdalena Żukowska , Justyna Rybarczyk , and Monika Lulkiewicz

Faculty of Mechanical Engineering, Poznan University of Technology, Piotrowo 3,
60-965 Poznań, Poland

filip.gorski@put.poznan.pl

Abstract. The aim of this study was to evaluate the AutoMedPrint system, which
is used for automated design and rapid production of orthopaedic and prosthetic
devices based on anthropometric measurements. The systemwas tested on a group
of 21 patients. Research has been conducted to determine their needs and expecta-
tions. In the first step, anthropometric data was collected using a 3D scanner. The
obtained data allowed to automatically design wrist-hand orthosis using an intel-
ligent CAD model. Patients customized their orthoses using interactive product
configurator available in the system. Some orthoses were manufactured using the
necessary machines by 3D printing, and then handed over to selected patients for
their opinion. The paper presents the results of usability tests and the evaluation of
the technical aspects of the system. Based on these results, themain problemswere
characterized and ways to improve the system were suggested. Modifications are
designed to improve patient satisfaction, usability, ease of use, and the enjoyment
of interacting with a system or product.

Keywords: Additive manufacturing · Customization · Design automation ·
Medical 3D printing

1 Introduction

The rapid development of additivemanufacturing technology in recent years has allowed
a significant reduction in costs and time needed to implement a new product. Additive
manufacturing processes make it possible to obtain physical, 3D shapes of almost any
complexity, directly from a digital representation of the product (usually a model made
in a Computer Aided Design - CAD system) [1]. There is no need to use any specialized
tooling besides the production machine equipment. These technologies are invaluable
when there is a need to quickly manufacturing of a physical prototype of a designed
part [1], which is especially important in personalized medicine [2–4]. Using of 3D
technology also allows to show the expected product to the patient before its production
and provide him/her with flexible design options, which can be used in the process of
designing and rapid production of orthopaedic devices. This allows the patient to be

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
F. Gorski et al. (Eds.): MANUFACTURING 2022, LNME, pp. 1–15, 2022.
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involved in the process, improves communication with the patient, and also allows to
receive feedback about the device during the design phase, even before manufacturing.
This makes it easier to improve the product in order to increase the satisfaction of its
user. The 3D printing processes can also be useful in the field of foods and nutrition [5],
patient education [6] and teaching of resident physicians [7].

A wide spectrum of additive manufacturing varieties makes it possible to manufac-
ture products from many types of materials [8, 9]. Additive manufacturing in relation to
traditional technologies (casting, machining and plastic molding) has certain limitations
related to the efficiency, quality and physicochemical properties of the manufactured
products [10]. However, as of 2019, the production of finished parts is much higher than
in previous years [11]. One of the most widely used additive manufacturing technolo-
gies for industrial purposes is fused deposition modeling (FDM), which can be used to
obtain parts from thermoplastic materials. The most commonly used building materials
are acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), which provide rel-
atively good strength and acceptable thermal shrinkage and allow for further processing
of the obtained elements. From year to year, the range of available materials that can
be processed with the FDM method is constantly growing [9]. FDM machines are quiet
and clean, and compared to other additive manufacturing technologies, they have small
dimensions and are easy to maintain, so they can be used in design offices, hospitals or
medical facilities [2, 3, 12].

One of the most popular classes of 3D printed medical devices in wide use are
orthopaedic supplies, primarily limb orthoses, which are medical devices designed to
maintain the rigidity and safety of a selected part of the patient’s body during healing
or convalescence [13–15]. This is mostly achieved by immobilizing and protecting the
area around the joint from deformation and physical damage. Orthoses can also be
used to force a specific position and mutual orientation of different body parts [16].
The limb orthoses might be universal, which are relatively inexpensive, or personalized,
much better but also a much more expensive product and made based on the patient’s
anatomical measurement [17].

One of the biggest problems with 3D printing custom orthopaedic supplies is engi-
neering expertise. In the modern design process, the patient’s anthropometric data are
collected and digitally processed, mostly manually, which can generate many inaccura-
cies [20]. Many hours of advanced surface modeling in CAD systems are required to
obtain the shape [18]. 3D-printing of thermoplastic products with satisfactory accuracy
and strength values is difficult. The process parameters significantly affect the proper-
ties of the obtained parts [21]. Consequently, traditional plaster casting processes have
not been replaced by 3D printing yet. Research is regularly conducted to facilitate data
collection, processing and production in general medical practice [18, 19, 22].

Due to the problems in the subject of traditional manufacturing of individualised
orthopaedic supplies, a completely new automated system, under the name of AutoMed-
Print (shortly AMP) has been developed, allowing for automatic design andmanufacture
of orthopaedic products - limb orthoses and upper limb prostheses. This study was con-
ducted to evaluate an upper limb orthosis using this system with a group of twenty-one
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people, to present detailed problems regarding the use of the system from the user-
patient and user-operator perspectives, and to propose solutions to these problems and
other improvements to the system [23].

2 Materials and Methods

2.1 The AutoMedPrint System

The AutoMedPrint system is used for automatic design and additive manufacturing of
selected orthoses and prostheses based on patient anthropometric measurements. The
system (Fig. 1) consists of a station for 3D scanning and design, a user interface station
with applications supporting the scanning process and product configuration, and a
station for rapid manufacturing.

Fig. 1. The AutoMedPrint system prototype, a) 3D scanning rig; b) operator interface; c) user
interface; station for 3D printing not shown

The design and manufacturing of products is based on data from the process of
scanning the patient’s limb. Not counting the time it takes to make the product, the whole
process takes up to several dozenminutes.The time required toproduce afinishedproduct
can take up to several dozen hours, depending on the type of product. The system allows
defining the type of product the patient needs, taking anthropometricmeasurements using
a non-contact 3D scanning technique, automatically designing the product based on the
patient’s anthropometric data, designing and visualizing the product by the recipient,
and preparing and executing the rapid manufacturing process. The system’s scheme of
operation is shown in Fig. 2.
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Fig. 2. Scheme of work of the proposed AutoMedPrint system [24]

2.2 Plan of the Experiments

The evaluation of the prototype AMP system was a part of its studies, performed within
a scope of an R&D project. Full detailed description is presented in the work [23].

In the first stage of the research, a plan was developed, in which a method for
conducting usability tests with users of the AutoMedPrint system was selected and a
test course was designed, consisting of the stages of 3D scanning, design and rapid
manufacturing. In the next step, a set of questionnaires evaluating particular parts of
the system was developed and a leaflet was designed, handed out to the participants
beforehand. Then a test group of 21 people was assembled to participate in testing the
system and tests were conducted on them in the laboratory, according to the designed
plan.

In the next stage, for 6 selected patients, orthoses were manufactured using 3D
printing. Once all stages of the study have been completed, survey results were collected
and compiled. This allowed to evaluate the system in division into the 3D scanning
process, the design process, the rapid manufacturing process, the user interface and
the finished product. In the final step, an overall assessment of the whole system was
performed.

2.3 Methodology of Experiments

The first step of the study on the evaluation of the manufacturing systemwas to invite the
patient to the laboratory and then hand out an information leaflet on each of the stages of
testing the AutoMedPrint system. Once the participant was familiar with the study, the
facilitator introduced the different parts of the system and discussed the tasks awaiting
the patient and answered any questions.

The next step was the 3D scanning process. Before starting the process, it was
necessary to complete the basic data on the patient. The scanning process consisted of
two parts. In the first part, the participant uses an interactive application of scanning
assistant, providing visual, animated information about the 3D scanning process. In the
second part, the participant’s upper limb was measured using a 3D scanner to create a
3D model and then a CAD model of the wrist-hand orthosis. If there was a mistake in
the 3D scanning process that prevented correct results from being obtained, the process
was repeated.
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In the next step the participant, in accordance with his preferences, personalized his
product through another interactive application – orthosis configurator. The data of the
designed product was saved in the system, in a text file.Meanwhile, the operator initiated
and overviewed the automated processing of 3D scans, to first obtain a 3D model of the
upper limb and then of the orthosis.

Once the 3D scanning and orthotic design processes were completed, the lab testing
came to an end and the participant was asked to complete a survey regarding their eval-
uation of the AutoMedPrint system. The survey was divided into four parts and dealed
with the evaluation of 3D scanning process, evaluation of design process, evaluation of
user interface and overall system evaluation – this was filled by all participants. The
six participants who received the finished, 3D printed product, completed an additional
online survey regarding their evaluation of the manufactured orthosis.

2.4 Methodology of System Evaluation

Methodology of 3D Scanning Process Evaluation
The 3D scanning process was evaluated from a technical point of view and from the
perspective of the patient, i.e. the system user. It was checked if the scanning process was
successful the first time, i.e. if a set of 3D scans needed for upper limb reconstruction
is obtained for all participants, or if it should be repeated e.g. due to incorrect limb
positioning during the examination. It was also verified that a correct 3D model of the
limb could be created for all participants without errors occurring during the processing
of the 3D scans. For the group of six for whom the orthoses were manufactured, 3D
models of the limbswere inspected for resulting artifacts to assess the need for additional
cleaning of the scans. In order to properly carry out further steps leading to the design
of the orthosis, the necessity of removing the resulting artifacts was checked and if there
is one, the artifacts are removed.

To evaluate the 3D scanning process,which consisted of using an interactive scanning
assistant and measuring the upper limb with a 3D scanner, participants completed a
questionnaire in which they answered questions about their familiarity with the 3D body
scanning process, their comfort and convenience during the 3D scanning process, and
the duration of the process. Below are sample questions from the 3D scanning process
evaluation survey:

– Have you ever had a 3D body scan done?
– Did you feel anxious about the process before 3D scanning?
– Was the 3D scanning station (chair, table, armrest) comfortable for you?
– How would you rate the duration of the 3D scanning process?
– Do you find measuring your body with a 3D scanner more convenient than measuring
your body with traditional methods?

In addition, the study moderator measured the time each system user used the inter-
active scanning assistant and each person’s 3D scanning time using a stopwatch. These
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times were then summed to obtain the duration of the entire step of the 3D scanning
process.

Methodology of the Design Process Evaluation
The design process was evaluated from a technical perspective as well as from the
perspective of the patient, the user of the system. For the six patients for whom the
orthoses were fabricated, it was verified that it was possible to correctly extract points
from the limb model, generate autogenerated model feed sheets and CADmodels of the
orthoses in an automated manner.

Evaluation of the orthosis design process was done using a completed questionnaire
by the participants who answered four one-choice questions. The following are sample
questions from the process evaluation survey:

– Can the configurator be used to design a finished product easily and quickly?
– Is the setup process enjoyable and fun?

By answering the questions, participants indicated on a five-point scale how much
they agreed with the statements regarding the use of the configurator, its operation and
the ease of configuring the product. During the design of the orthosis, the moderator
measured the time the system user used the configurator with a stopwatch and noted
in the report whether the study participant completed the device configuration process
successfully without his or her major intervention.

Methodology of User Interface Assessment
Patients evaluated the user interface by completing a survey in which they answered
four questions. The questions were designed to assess the design of the configurator, the
readability of icons and layout, and the ease of navigation when configuring the orthosis.
They were constructed to determine the intuitiveness of using the interface. Participants
determined using a five-point scale the extent to which they agreed with the interface
statements that the layout is clear and understandable, icons are easy to identify and
understand, the arrangement of elements on the screen promotes easy navigation, and
about the visual appeal of the configurator.

Methodology of Evaluation of Manufacturing Process and Finished Product
The evaluation of the rapid fabrication process checked that orthoses were fabricated,
one for each participant in the six-person group for which this stage of the study was
scheduled. If an error occurred during the process, this information had to be recorded
and the process repeated to produce a functional orthosis. The fabrication times of each of
the two parts of the orthosis (upper and lower) were measured. User selections from the
configurator that provided guidelines for fabrication included the shape of the openwork,
material, colour, print orientation (horizontal/vertical), fabrication strategy, machining
(with/without sanding) and assembly (with/without tape).

Patients completed a questionnaire about the finished product. The questions con-
cerned, among others, the compliance of the manufactured product with the design and
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visualization with the configurator and their expectations, as well as the quality of the
manufactured product.

Methodology of Overall System Assessment
In order to evaluate the system in general, participants completed a questionnaire. Sample
questions from the survey are shown below:

– How satisfied are you with the services offered by the system?
– Do you find the system helpful when purchasing a personalized orthopaedic device?
– What do you think are the main advantages of the system?
– How would you rate the duration of the entire process - from 3D scanning to product
configuration?

– Would you use such a system if the need arose in the future?

Questions were designed to elicit information about patients’ overall impressions.

3 Results

3.1 Process Results

3D Scanning Process
Basedon the evaluationof the 3Dscan, it canbe concluded that the processwas successful
the first time for every patient (21) of the study. During the experiment, 20 out of 21
correct upper limb models were obtained without interfering with the obtained partial
scans.

Based on the six limb models selected for the design of the orthosis, it was found
that in two patients the positioned hand for scanning was bent - the metacarpus pushed
outwards. Care must therefore be taken to ensure that patients position the limb in
addition to the correct position of the entire upper limb during the 3D scanning process.

The obtained limb models in most test patients had visible artifacts (Fig. 3), not
corresponding to the anatomical structure.

Fig. 3. Scanned right upper limb with artifacts
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In order to properly model the orthosis in a further step, artifacts were removed
manually using dedicated software. The total average time to use the interactive scanning
assistant was 1 min and 12 s.

Design Process
For all selected products, the corresponding points from the cross-sections were gener-
ated correctly. For two orthoses, complete sheets feeding the autogenerated model could
not be obtained, making it impossible to obtain a correct model in Autodesk Inventor.
For the other three orthoses, the model updated in the software with errors. Problems
encountered requiredmanual interventionwith sheets ormodels in Inventor. The selected
CAD model of the orthosis is shown in Fig. 4.

Fig. 4. CAD model of the orthosis [23]

The average design time was 2 min and 2 s. This was the time when patients con-
figured the product according to their preferences for appearance and functionality and
the operator received instructions on how to manufacture the orthosis.

On average, the patient used the scanning and design module for 8 min 26 s, and
their entire study took an average of 12 min 40 s.

Rapid Manufacturing Process
This step was successfully accomplished for all selected patients, thus six orthoses, 12
parts in total, were made correctly and without errors. The processes were stable and
required little operator supervision. After fabrication and basic finishing, it was checked
whether it was possible to assemble the two parts together. For each orthosis, the halves
fit together, so it can be concluded that the manufactured products fulfilled the role
of stiffening the wrist. The orthoses that were provided to the study participants for
evaluation are shown in Fig. 5.
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Fig. 5. Manufactured orthoses [23]

3.2 Evaluation Results

3D Scanning Process
According to the patients’ responses, most of them (19 patients) had not experienced
3D body scanning before. Although the majority of patients had not encountered 3D
scanning in the context of bodymeasurement, none of the study participants had concerns
or felt anxious about the process.

The respondents were also asked to rate the duration of the 3D scanning process
(everyone was asked to answer according to their feelings). Just over half of the patients
(11) rated the duration of the 3D scanning process as short very short (1). For eight
people, the scan time was just right, meaning neither too long nor too short.

When asked about the convenience of measuring the body with a 3D scanner than
with traditional methods, respondents answered almost unanimously by indicating yes
(9) or definitely yes (11) that non-contact scanner measurement is more convenient for
them.

The above mentioned results are shown in Fig. 6.

Fig. 6. The results of the 3D scanning process
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Patients were also asked to give their opinion on the ergonomics of the workstation,
which consists of a chair, a table and an armrest, and to select the least comfortable
workstation element. The results of the survey are shown in Fig. 7.

a

b

Fig. 7. Answers for questions: Was the 3D scanning station (chair, table, armrest) comfortable
for you? (A) and which of the elements of the 3D scanning station was the least comfortable for
you? (B)

Patients also unanimously answered the question about the convenience ofmeasuring
the bodywith a 3D scanner than the traditional method. As shown in Fig. 8 twenty people
think that measuring with a 3D scanner is more convenient.

Customization Process
The vastmajority of patients (20) stated thatwith the help of the configurator it is possible
to easily and quickly design ready orthoses. Seventeen participants agreed that the setup
process was fun and enjoyable. The results are shown in Fig. 9.
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Fig. 8. Answer for question: Is body measurement using the 3D scanner more convenient for you
than measuring the body using traditional methods?

Fig. 9. Results of a survey on the orthosis design process

User Interface Assessment
Based on the responses, it can be seen that a large majority of the respondents (20)
believe that the interface is clear and understandable (Fig. 10).

Fig. 10. The results of the user interface evaluation survey

Product Evaluation
Based on the questionnaires of the patients who received the orthoses for evaluation, it
can be seen that most of the testers are either satisfied (2) or very satisfied (2). As for the
compliance of the manufactured product with the expectations, almost all respondents
were satisfied (3) or very satisfied (2) (Fig. 11).



12 F. Górski et al.

Fig. 11. Finished product evaluation

Overall System Assessment
All patients were satisfied with the services offered by the system. The majority of
respondents (17) strongly believe that the system is helpful when purchasing a personal-
ized orthopaedic device. According to almost all respondents (20), the main advantage
of the system is the ability to personalize the product. Among the main advantages, most
of the respondents mentioned the possibility of performing all the activities in one place
- from 3D scanning to ordering the configured orthosis.

Each respondent expressed a willingness to use such a system should the need arise
in the future. Test patients were asked to choose three main advantages system and the
results are presented in Fig. 12.

Fig. 12. Answer for question: What are the main advantages of the system in your opinion?



Evaluation of a Prototype System of Automated Design and Rapid Manufacturing 13

3.3 Discussion

The main objective of the study was to test and evaluate the performance of a pro-
totype AutoMedPrint system for automated design and manufacturing of incremental
orthopaedic and prosthetic supplies based on anthropometric measurements. Tests and
questionnaires were carried out to evaluate the system with a group of test patients
according to the planned scenario for the selected product - openwork wrist orthosis.
The threemain activities performed as part of the system operation, namely 3D scanning,
design and rapid manufacturing, were tested.

Moving the scanner and starting the scanning depended on the operator controlling
themovement of the device from the position of the laptop. This results in scan times that
are operator dependent. Proper clothing for limb scanning is also important and should
be communicated to the patient prior to the test. Wearing a blouse with or without short
sleeves would improve patient comfort.

As a result of the evaluation of the scanning process, it was also suggested that some
parts of the bench be repainted black, and that a black elastic thumb sleeve be worn
during scanning. Black surfaces are not scanned, avoiding the need to manually clean
scans and remove unnecessary artifacts. This approach has been already implemented
and tested with success.

Errors in the CAD model and problems with generating data caused the authors to
change the methodology of spline curve creation in the basic CADmodel of the orthosis
(original approach presented in [30]). Themodelwas improved and in the tests conducted
afterwards, orthoses were successfully generated (some with very minor errors) for all
the patients.

The fabrication time mainly depended on the size of the orthosis as well as the
printing strategy and orientation chosen by the patient. The orthoses for women were
smaller than those for men, thus less material was used for them, making the printing
time much shorter. In order to shorten the production time of the whole orthosis, both
parts were printed in parallel on two machines.

The measured times show that the production time for one orthosis is not long
and therefore future patients can receive the finished products the next day. Traditional
methods of orthosis manufacturing do not offer this possibility.

The fit of the manufactured product was also controversial, as it can be concluded
from the results that the orthoses did not fit every other person. For half of the patients
(3), the orthosis proved too tight when attempted to be fitted. During the design process
the offset from the limb was set at 1 mm. This value was verified in further studies on a
group of several patients, and for adult patients was set at default of 3 mm, which was
proven to fit all the patients, while not being too loose.

3.4 Conclusions

In conclusion, the results of the study showed that it is possible to obtain a fully functional
and affordable orthosis in less than one working day utilizing an automated design
process, allowing the patient to start the rehabilitation process immediately. Just one
visit is enough to create a custom orthosis. In case of failure at any stage, it can be
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easily reproduced to get the correct result. This is a worldwide unique capability of the
AutoMedPrint system.

Another advantage of the system is the possibility of operating in one location, as
well as the lack of requirements for specialist knowledge of modern technologies on the
part of both the operator and the patient. It would therefore be possible to implement
such a system in medical facilities, without the need for skilled engineers or technicians.
The patient has the possibility to actively personalize the product and the visualization
of the product helps them tomake decisions. Considering the results of the questionnaire
completed by the study participants, patients are satisfied with the services offered by
the system and express their willingness to use such a system if needed in the future.

The research results and conclusions were used in further stages of AutoMedPrint
system testing. Further studies on the system are conducted with a younger group of
patients, as well as individuals after a wrist joint injury requiring real treatment. This
will help to discover other service and fitness issues and refine the system’s performance.
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Abstract. Reverse engineering and rapid prototyping found a wide range of
applications in the area of orthopaedics. The development of these technolo-
gies enabled the manufacturing of orthoses and prostheses adapted individually
to the patient’s anatomy. Additionally, contemporary computer techniques allow
to produce orthoses with various designs which help to keep the hygiene of limb,
facilitate access to injury, and ensure ventilation of skin. The aim of this study was
to develop the concept of individuated orthosis dedicated to the upper limb with
pattern structure and removable elbow part to speed up the rehabilitation process.
The designed orthosis consisted of 6 interconnected components. Additionally,
instead of the standard separation edge along a straight line, a spiral curve was
used. The proposed 3D pattern structure reduced mass by 31.3% compared to
a full-volume component. The designed model of the orthopaedic appliance was
subjected to strength analysis using the finite element method (FEM). Simulation
results, in the form of stress and displacement distributions, were presented and
discussed. Then, a physical model of the developed orthosis made using rapid
prototyping technology (3D printing) was presented.

Keywords: Orthosis · 3D Printing · CAD · FEM simulation · Biomedical
Engineering

1 Introduction

Over the last few years, many changes can be observed in the field of orthopaedics.
This has been facilitated by development of reverse engineering techniques and rapid
prototyping methods [1]. Additive manufacturing techniques enable to individualise
orthopaedic appliances such as orthoses [2] and prostheses [3], increasing their comfort,
functionality and adaptability to a specific kind of the patient injury.

One of the most commonly used methods of orthosis manufacturing is FDM (Fused
Deposition Modeling) [4]. Pilot studies proved that application of FDM allows to obtain
orthosis resistant to bending stress [5]. The mechanical properties of manufactured parts
are affected by process parameters, for instance: layer height or infill density. These
techniques provide the possibility to obtain low cost orthosis with low mass. Other
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commonly used additive manufacturing technology in orthopaedics is SLS (Selective
Laser Sintering). Nevertheless, parts manufactured using these techniques are character-
ized by high porosity between fused powder particles. Moreover, the limitation of SLS
application is high equipment cost [6].

A bone fracture occurswhen the amount of applied load exceeds strength of the bone.
The type of injury is influenced by factors like the direction and magnitude of the forces
applied, the age and condition of the patient’s skeletal system. The biomechanical stimuli
influencing the optimal treatment process include proper alignment of the fragments and
their stiffening, as well as proper compression [7].

In case of a bone fracture it is necessary to immobilise the bone. It not only ensures
the correct structure union and optimal biomechanical conditions, but also prevents
shock and secondary trauma. Depending on the type and location of the fracture,
a variety of orthopaedic appliances are used [8, 9], in particular, to stiffen the injured
body part. Moreover, for upper limb fractures it is important to use a lightweight appli-
ances [10]. Any additional load adversely affects the injured part of the body. Long-term
immobilisation of the upper limb affects the range of motion in the joint, especially
the ability to straighten [11]. Therefore, the period of limb immobilisation should be as
short as possible. Among the stabilizers of the upper limb, plaster casts, fiberglass casts,
orthoses, and external stabilizers are distinguished [12].

In this study, having regard to the advantages of using additive manufacturing meth-
ods in orthopaedics [13, 14], the concept of orthosis with the ability to support a gradual
increase inmobility of a jointwas developed.The aimof the paperwas to propose the app-
roach that allows the creation of customised orthoses with their functionality adapted
to the patient’s anatomy and the stage of treatment of the upper limb. One of the main
problems in respect to conventional plaster bandages is that the range of motion cannot
be changed at a later stage of treatment. This often results in weakness of the extremity.
Additionally, during the literature review it was noticed that existing solutions aremainly
focused on orthosis involving only the forearm and wrist. Due to these facts, this study
develops a concept that allows for a gradual increase in the mobility of the elbow joint.
In order to create individualised orthopaedic appliances, basic geometry of the designed
orthosis was created on the basis of upper limb anatomy. Additionally the new method
of dividing the orthosis’ elements was proposed. Instead of the standard separation edge
along a straight line, a spiral curve was used. A 3D pattern structure has been proposed
to reduce the weight of orthopaedic appliances.

2 Research Problem

2.1 Applied Materials for Orthosis Manufactured by 3D Printing

The applied material ought to be durable enough to ensure that the orthosis will ful-
fil its function during the entire period of treatment and rehabilitation. The recovery
process may last several weeks therefore the material used should not cause skin aller-
gies. An additional aspect that should be taken into account is the water resistance of
the material. For the patient’s comfort, it is important that the activities related to main-
taining hygiene do not affect the ability of the orthosis to perform its function. One of the
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most essential requirements for the applied material is to provide the ability to achieve
adequate load-bearing capacity at a relatively low mass.

Having regard to the presented requirements and the selected method of manufac-
turing (FDM), the materials to be used during the analysis were defined. The orthosis is
assumed to be made of polylactic acid (PLA). This material fulfils the requirements for
orthotics and also allows the use of additive manufacturing methods. PLA is obtained
from materials of natural origin. It is a non-toxic, biodegradable material, which makes
the material not only suitable for industrial use, but also for biomedical applications.
PLA is classified as a thermoplastic material. The mechanical properties of PLA allow
to maintain the functionality of the orthosis while minimizing its mass.

The material for the removable elbow part must be characterized primarily by its
flexibility. Due to this fact, thermoplastic polyurethane (TPU) is used for the replaceable
segment covering the elbow joint and the rings that connect the parts. The material
for the removable part of the elbow is required to be flexible and be able to carry
the load of this orthosis part. The materials properties are shown in Table 1. Presented
characteristics were developed on the basis of materials specification sheets supplied by
producers of the materials [15].

Table 1. Properties of materials used in the upper limb orthosis [18].

2.2 Model of the Upper Limb Orthosis According to a New Concept

The advantage of using rapid prototyping techniques in orthotics is the possibility of
individualizing orthopaedics appliances. The creation of the orthosis model begins with
the acquisition of a 3D scan (by 3D structured light scanner) of the upper limb. In this
study, male arm model from an open source database was used [16]. In order to apply
the anatomical shape of the limb to create the orthosis model, the geometry had to be
modified. Flexion of the elbow joint was performed using Rhinoceros 3D software. The
orthosis’ geometry was created on the basis of the obtained shape of the upper limb
using Autodesk Meshmixer 3.5 and Inventor 2019 programs. The model thickness was
5 mm (Fig. 1a). It was assumed based on values recommended by other authors [1, 17].

In order to allow effortless assembly, orthosis is divided into several parts. Instead
of the standard separation edge along a straight line, a spiral curve was used to reduce
stresses and displacements between the elements. Application of spiral curve as detach-
ment path determined location of separation edges. The line is designed in a manner
that enables the possibility of safe (for patient) assembly process of components or part
replacement. Connectors are located in easily accessible places. The orthosis model was
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divided into 6 parts (Fig. 1b). Two parts for the arm (part 1 and part 2), two parts for
stabilising the elbow joint (part 3 and part 4) and two for stiffening the forearm (part 5
and part 6) were included. The part covering the elbow joint was designed in two vari-
ants. First variant is responsible for complete stiffening of the limb, whereas the second
option is partially flexible to support the rehabilitation process. Component separation
is made in order to enable the exchange of this part for a version made of more flexible
material, which increases the range of motion of weakened structures in the area of the
elbow joint.

Fig. 1. Designed orthosis: a) preliminary model of the orthosis geometry obtained from 3D scan-
ning, b) components of the orthosis with visible separation edges (1–2: parts covering the arm,
3–4: parts encompassing the elbow joint, 5–6: parts covering the forearm).

Due to the fact that the geometry of the orthosis is not monolithic and consists of
several parts, connectors, which make it possible to match all components, were pro-
posed. The designed joint consists of a flexible, durable ring, which is applied to two
semicircles located on separate parts of the orthosis (Fig. 2). In order to verify the dimen-
sions of connectors, a ¼-length section of the orthosis was designed. It was loaded with
a force of 12 N (representing about ¼ of the upper limb mass). After conducting the
simulation, it was found that the designed geometry of the connectors system fulfil the
strength criteria for the selected materials. The maximum stress value was 5.1 MPa and
occurred at the elastic ring (Fig. 3).

Fig. 2. Visualisation of the applied connector (1: combined elements, 2: semicircles as connector
elements, 3: ring).
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Fig. 3. The results obtained for connector- 1st principal stresses expressed in [MPa].

The assembly of the parts is uncomplicated. Theoval andflexible geometry of the ring
allows for proper shape matching of the orthosis to compensate for the increased volume
of the limb due to swelling. The diameters of the elastic rings and the connectors were
enlarged in the case of the elbow section, because their function is to connect the four
components of the orthosis. After modelling the connectors, the orthosis model was
divided into its final elements (Fig. 4). The development of the 3D pattern structure
began with a preliminary analysis of the stress state in the orthosis, which was intended
to identify the segments carrying the highest loads.

Fig. 4. Visualization of the orthosis with designed connecting elements after the final separation
procedure of elements (1–2: parts covering the arm, 3–4: parts encompassing the elbow joint, 5–6:
parts covering the forearm).

2.3 Loading Conditions and Preliminary Study

Performing an appropriate analysis using the finite element method (FEM) allows for
verification of the orthosis behaviour during selected activities. The load conditions,
which were taken into account in the selected analyses are shown in Table 2. The first
analysis involved the case where the orthosis is loaded with the mass of the upper limb
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only. According to Gedliczka [18] and Buśkiewicz et al. [19], the mass of the adult upper
limb is about 4.5 kg. In the second case of analysis, themodelwas loaded in the lower part
of the orthosis, covering thewrist, with a force of 90N corresponding to a possible impact
or increased muscle force activity in the upper limb. The third simulation represents the
load on the critical segment, from the point of durability, resulting from the work of the
biceps brachii muscle during rehabilitation of the limb [18, 20]. A summary of inputs
applied in the finite element analyses (FEA) was presented in Table 2. Static analyses
were performed using finite element mesh which consist of tetrahedral elements (Table
3). All experiments were conducted using Autodesk Fusion 360.

Table 2. Applied loads and boundary conditions in the simulations: 1- fixed constraint, 2- load
application surface.

Simulation
Applied loads and boundary conditions Type of 

materialLoading force Boundary conditions

Case I 45 N PLA

Case II 90 N PLA

Case III 116 N TPU

Preliminary analysis enabled to plan the initial topology of the pattern structure.
The 3D designed pattern will allow for ventilation of the skin and increased access to the
injured extremity. It could also be applied due aesthetic purposes. In this study it was
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Table 3. Applied mesh parameters.

assumed that the 3D pattern unit cells will be triangular shaped to simplify the process
of controlling elements size.

The highest stress values were observed around the elbow joint. These stresses reach
the value of 0.4MPa (Fig. 5). Thismeans that themass of the orthosis could be reduced. In
the arm and forearm sections, the percentage of mass reduction should be higher than in
the area of the elbow joint. The segment with the maximum stress values is characterised
by smaller dimensions of pattern elements (Fig. 6). For instance, the average length of
the triangle edge in the part covering the armwas equal to 16mm, while in the elbow part
the average length of the pattern element was 8 mm. The proposed 3D pattern structure
was made on the basis of sketches created in Autodesk Inventor 2019 software.

Fig. 5. Obtained von Mises stress distribution during preliminary study- stresses are expressed
in [MPa].

The part, which encompasses the elbow joint is a replaceable element (Fig. 7). This
modification was introduced in order to enable movement of the limb in joint during the
advanced stage of treatment, whenmobility of the limb is stimulated. Tomake it possible,
a modification of the pattern structure within this component has been proposed. In the
part involving the elbow joint, a notch was made near the cubital fossa, as shown in
Fig. 8.

The elbow part would be manufactured (3D printed) from two materials with dif-
ferent levels of elasticity, according to the condition of the fracture and the doctor’s
recommendations. For example, material dedicated to the first phase of treatment would
be made of a material with the lowest level of elasticity (in order to restrict the range
ofmotion), and the secondvariant for rehabilitation purposeswould bemadeof amaterial
with higher elasticity (for increased range of motion during the final phase of treatment).
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Fig. 6. Applied 3D pattern structure (triangle elements) – variable pattern elements size and
distances between them depending on the level of stress in the defined area.

Fig. 7. Initial geometry of designed orthosis.

Fig. 8. Replaceable element in the elbow joint area- modification of the part covering the elbow
joint.

3 Results of FEM Analysis of Orthosis Final Model with Pattern
Structure

Every upper limb orthopaedic appliances are an additional load for extremity. Due to this
fact, it is important to keep the mass of the orthosis as low as possible. Analysing the
properties of the obtained structures, itwas observed that themass of proposed appliances
decreased by 31.3% (Table 4). The distribution of pattern structure was planned on the
basis of a preliminary strength analysis as presented in paragraph 2.3. The greatest
decrease in mass was noted for the segment encompassing the patient’s arm. In this part,
the loss amounted to 42%.



24 A. Mrozek et al.

As a next stage, an analysis of the designed orthosis with 3D pattern structure for
different loading conditions was performed using FEM. Three static analyses have been
conducted. The loads occurring during the use of the orthosis were simulated.

In the first simulation, a maximum stress of 9.5 MPa was recorded (Fig. 9). This
stress concentration was observed in the part encompassing the elbow joint. Maximum
displacement value was equal to 1 mm and it occurred in the part surround the patient’s
hand (Fig. 10).

Table 4. Orthosis mass comparison.

Orthosis model visualization
Mass of orthosis

[g]
Percentage of mass reduc-

tion
Full volume structure

684 reference mass

Pattern structure and rigid elbow joint

470 31.3 %

Pattern structure and flexible elbow 
joint

467 31.7 %

In case II, for a load of 90 N, a maximum stress value was observed in the inter-
changeable elbow part and it was equal to 29.75 MPa (Fig. 11). Maximum displacement
value (3.4 mm) occurred in the lower surface of part encompassing the hand (Fig. 12).
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Fig. 9. The results obtained for the Case I - von Mises stresses expressed in [MPa].

Fig. 10. The results obtained for the Case I - displacements expressed in [mm].

Fig. 11. The results obtained for the Case II - von Mises stresses expressed in [MPa].

Case III examined the durability of the critical orthosis part - the interchangeable
elbow joint component. The material applied was TPU. The highest stress value was
observed on surfaces adjacent to the notch made near to the cubital fossa (7.72 MPa) as
shown in Fig. 13. The maximum displacement value was obtained on the lower surface
of the component. It reached 31 mm (Fig. 14).
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Fig. 12. The results obtained for the Case II - displacements expressed in [mm].

Fig. 13. The results obtained for the Case III - von Mises stresses expressed in [MPa].

Fig. 14. The results obtained for the Case III - displacements expressed in [mm].



Concept of Individual Orthosis with 3D Pattern Structure 27

4 Manufacturing Process of Designed Orthosis

Due to the advantages of using additive manufacturing techniques in orthopaedics,
the prototype of designed orthosis wasmade using the FDMmethod. The process param-
eters are shown in Table 5. Used 3D printer, which manufactured parts on the basis of
the FDM method (Fig. 15), was XYZ da Vinci 1.0 Pro.

Table 5. Manufacturing process parameters.

Fig. 15. Orthosis obtained in FDM process: a) view of the completed orthosis, b) view of
individual parts (4*: second variant of replaceable elbow part).

5 Discussion

In all cases, themaximum stresseswerewithin the safe range that did not exceed the yield
strength of the selected materials. In case II, the maximum value of displacements is
about three times higher compared to case I. The effect of orthosis individual compo-
nents displacements on bone fusion should be verified. The analysis conducted for case
III included a modified component at the area of the elbow joint. High displacement
values were noted. Greater mobility within this component could provide an accelerated
rehabilitation process with continuing stabilisation of the upper limb. The process of
flexion and extension of the limb would be preserved in the 90° range. It should be high-
lighted that in order to obtain more accurate results verifying the influence of the applied
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loads, it would be necessary to conduct studies including the actual cooperation of the
orthosis components.

The limb loading conditions applied in the analysis presented by authors are based
on literature data and are estimates. In order to know the precise characteristics of forces
acting on the orthosis, detailed research should be carried out.

The applied 3D pattern structure enables to reduce the mass of the orthosis. In
addition, this solution allows for simpler maintenance of skin hygiene and ventilation.
The assumed thickness of the orthosis was equal to 5mm. The results of the FEA analysis
indicate that there is a possibility to reduce this dimension.

Due to the possibility of customization of the orthosis model (Fig. 16), further
research should be conducted to optimise the mass of the orthosis, not only with regard
to the thickness of the orthosis or mass reduction in connection with a pattern structure,
but also could be adjusted according to the age and weight of the patient.

The proposed geometry is manufacturable using additive methods. A test 3D print
of the orthosis was made using the FDM method. The quality of printed parts and their
mechanical properties depend on the parameters of the manufacturing process like infill
density, extrusion temperature, infill patterns or layer thickness. The conducted analysis
did not take into account the characteristics of the material which are influenced by
the parameters of the manufacturing process. Further research should consider influence
of manufacturing method and process parameters on obtained mechanical properties
of the orthosis.

Fig. 16. Visualization of different colour variations of the proposed orthosis.

6 Conclusions

The conducted analyses showed that the orthosis fulfil functional requirements despite
the 3D pattern structure. The advantage of this is that the mass of the orthosis was
significantly reduced, which is beneficial from the point of view of the upper limb load.
In addition, it increases the aesthetics and hygiene of the orthopaedic appliances.

In this paper, the approach that allows the creation of customised orthoses with their
functionality adapted to the patient’s anatomy and the stage of treatment of the upper
limb was proposed.
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The research is preliminary therefore parameters like the strength of the structure
in relation to the printing parameter should be taken into account during the further
analysis. The next step is to create a more accurate upper limb loading model and
material properties (taking into account the heterogeneous structure of the material after
printing). Additionally, having data from a detailed analysis of the stress distribution,
research should be carried out to optimise the mass of the structure. Another approach
to research may involve the analysis of the shape and size of the applied 3D structure
pattern, which may occur in many different variations.

Acknowledgement. The possibility of printing was provided by the Department of Virtual Engi-
neering of PoznanUniversity of Technology, IWPScientificAssociation “STANTON” andKonrad
Łyduch MSc. Eng. for whom particular thanks are expressed.

The presented research results were funded with the grant 0612/SBAD/3576 allocated by the
Ministry of Science and Higher Education in Poland.

References

1. Baronio, G., Volonghi, P., Signoroni, A.: Concept and design of a 3D printed support to assist
hand scanning for the realization of customized orthosis. Appl. Bionics Biomech. 2017,
8171520 (2017). https://doi.org/10.1155/2017/8171520

2. Faustini,M.C., et al.:Manufacture of passive dynamic ankle-foot orthoses using selective laser
sintering. IEEE Trans. Biomed. Eng. 55, 784–790 (2008). https://doi.org/10.1109/TBME.
2007.912638

3. Hao, Y., et al.: 3D printing hip prostheses offer accurate reconstruction, stable fixation, and
functional recovery for revision total hip arthroplasty with complex acetabular bone defect.
Engineering 6(11), 1285–1290 (2020). https://doi.org/10.1016/j.eng.2020.04.013

4. Oud, T.A.M., Lazzari, E., Gijsbers, H.J.H., Gobbo,M., Nollet, F., Brehm,M.A.: Effectiveness
of 3D-printed orthoses for traumatic and chronic hand conditions: a scoping review. PLoS
ONE 16(11), 1–10 (2021). https://doi.org/10.1371/journal.pone.0260271

5. Palousek, D., Rosicky, J., Koutny, D., Stoklásek, P., Navrat, T.: Pilot study of the wrist orthosis
design process. Rapid Prototyp. J. 20(1), 27–32 (2014). https://doi.org/10.1108/RPJ-03-2012-
0027

6. Kumar, R., Sarangi, S.K.: Design, applications, and challenges of 3D-printed custom orthotics
aids: a review. In: Pratap Singh, R., Tyagi, M., Panchal, D., Davim, J.P. (eds.) Proceedings
of the International Conference on Industrial and Manufacturing Systems (CIMS-2020).
LNMIE, pp. 313–328. Springer, Cham (2022). https://doi.org/10.1007/978-3-030-73495-
4_22

7. Błaszczyk, J.W.: Clinical Biomechanics. Textbook for medical and physiotherapy students.
1st edn. PZWL, Warsaw (2004)

8. Einhorn, T.: A Enhancement of fracture-healing. J. Bone Joint Surg. 77(6), 940–956 (1995).
https://doi.org/10.2106/00004623-199506000-00016

9. Einhorn, T.A., Gerstenfeld, L.C.: Fracture healing: mechanisms and interventions. Nat. Rev.
Rheumatol. 11(1), 45–54 (2014). https://doi.org/10.1038/nrrheum.2014.164

10. Fromme, N.P., et al.: Design of a lightweight passive orthosis for tremor suppression. J.
NeuroEng. Rehabil. 17(47), 1–15 (2020). https://doi.org/10.1186/s12984-020-00673-7

11. Mehlhoff, T.L., Noble, P.C., Bennett, J.B., Tullos, H.S.: Simple dislocation of the elbow in
the adult. Results after closed treatment. J. Bone Joint Surg. Am. 70(2), 244–249 (1988)

https://doi.org/10.1155/2017/8171520
https://doi.org/10.1109/TBME.2007.912638
https://doi.org/10.1016/j.eng.2020.04.013
https://doi.org/10.1371/journal.pone.0260271
https://doi.org/10.1108/RPJ-03-2012-0027
https://doi.org/10.1007/978-3-030-73495-4_22
https://doi.org/10.2106/00004623-199506000-00016
https://doi.org/10.1038/nrrheum.2014.164
https://doi.org/10.1186/s12984-020-00673-7


30 A. Mrozek et al.

12. Thompson, S.R., Zlotolow, D.A.: Handbook of Splinting and Casting, 1st edn. Elsevier,
Philadelphia (2012)

13. Kim, H., Jeong, S.: Case study: hybrid model for the customized wrist orthosis using 3D
printing. J. Mech. Sci. Technol. 29(12), 5151–5156 (2015)

14. Cha, Y.H., et al.: Ankle-foot orthosis made by 3D printing technique and automated design
software. Appl. Bionics Biomech. 2017, 1–2 (2017). https://doi.org/10.1155/2017/9610468

15. http://www.matweb.com/. Accessed Jan 2019
16. https://www.3dcadbrowser.com/3d-model/arm-male. Accessed Jan 2019
17. Li, J., Tanaka, H.: Feasibility study applying a parametric model as the design generator for

3D–printed orthosis for fracture immobilization. 3D Printing Med. 4(1), 1–15 (2018)
18. Gedliczka, A.: Human Measurement Atlas - Data for Ergonomic Design and Assessment.

CIOP, Warsaw (2001)
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Abstract. The paper presents studies on design and additive manufacturing of
individualized ankle foot orthoses (AFOs) for a patient with a spina bifida. Main
aimof the presented research and practicalworkwas to design a functioning, stable
and usable pair of 3D printed leg orthoses, which could be used for walking, as
well as swimming and performing various activities in thewater. The customizable
orthoses were designed using a prototype of AutoMedPrint system developed
by the authors. Then they were 3D printed using FDM technology, of various
materials. The processes of 3D scanning, design and manufacturing, as well as
testing with the patient are presented. In the end, an usable orthosis was obtained,
which will be further processed and its design automated.

Keywords: Medical 3D printing · Additive manufacturing · Individualized
orthoses · Customization · 3D scanning

1 Introduction

Orthoses are frequently used contraptions which help to maintain constant position of
selected body parts of a given patient and protect these parts from external or internal
harm from unwanted loading or movement. They are used in short-term healing when
dealing with injuries or for long-term treatment of common conditions, such as cere-
bral palsy. Usually their purpose is achieved by building a shell, protecting body tissues
around a selected joint from damage and immobilizing these joints. In the case of spe-
cific requirements, orthoses are also applied to make certain joints achieve a determined
angular position, necessary during healing or treatment of long-term illnesses [1]. Gen-
erally, two options are available for the patients. The most popular, cheapest solutions
are mass-produced and made in a variety of sizes. In terms of use comfort and heal-
ing properties, it is much more advisable to use individualized orthoses, made for one,
specific person and theirs measured anatomical features [2].
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Orthoses andprostheses these days are often producedusing additive, or layeredman-
ufacturing processes [3–5], known popularly as 3D printing. These processes are espe-
cially well suited for creation of customized, organic shapes, as no tooling is required.
The most popular process of Fused Filament Fabrication (FFF), known also under the
name of Fused Deposition Modeling (FDM) is low cost both in terms of machines and
thermoplastic materials available. Therefore, it is very popular in medicine [6–8].

Additive manufacturing is considered as a modern approach to manufacturing
orthopaedic supplies. A typical, traditional process involves manual activities, such as
measuring a patient by making a “negative” using a plaster cast, then making a posi-
tive model. Then, lamination is performed, manually, yielding composite orthoses, for
example based on glass fiber [9]. This process is used by many manufacturers, also by
the biggest producers. The traditional processes are not repeatable, because they rely on
manual skills, and the patient usually has to wait quite long for a finished orthosis. The
obtained laminate is also difficult to recycle. Apart from this, there is no digital storing
of patient data, for possible re-iteration of design.

The modern process introduces repeatability, as patient’s anatomy is digitized and
stored, by means of 3D scanning, usually. After scanning data processing, usually a
work of a biomedical engineer is required to design an individualized orthosis, fulfilling
anatomical (medical) and technical requirements. Then the orthosis is manufactured,
often by industrial 3D printing.

One of the largest problems in 3D printing of individualized orthoses is requirement
of specialized engineering knowledge. The anatomical measurement of a given person
(the patient)must be first gathered and then processed to obtain usable data. This can gen-
erate a lot of inaccuracies [10, 11]. Obtaining a shape requires many hours of advanced
modelling in CAD systems. Additionally, 3D printing of thermoplastic materials with
satisfying values of accuracy and strength is difficult [12, 13]. There are constant stud-
ies on how to make the data gathering, processing and manufacturing easier and more
available in general medical practice. Automation of certain engineering tasks seems a
promising direction [14–16].

The modern process of orthoses generation is more robust, at the same time gener-
ating less waste, but it takes time and needs to be performed by a skilled engineer. This
makes it much less available for large groups of patients than the traditional process and
time of delivery can be also very long, although shorter than in the traditional process
[10]. However, for a single, specific patient, the digital process makes it easier to quickly
create and test many iterations, of which a final one can be subjected to design automa-
tion. Such a process is presented in this paper, demonstrating how modern process can
lead to obtaining a usable, cheap, 3D printed orthosis for a specific patient.

2 Research Methodology

2.1 Aim of the Work

The studies presented in the paper are a case study performed in cooperation with a
single patient. Main aim of the presented research and practical work was to design a
functioning, stable and usable pair of 3D printed leg orthoses, which could be used for
walking, as well as swimming and performing various activities in the water. The aim
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was to utilize the automation available in the previously designed AutoMedPrint system
and rapidly create a set of iterations of the orthoses on the basis of 3D scanning of
patient’s leg. Three various designs and two different materials were iteratively tested,
to finally come up with a solution both fitting the patient and enabling him to walk and
perform all the necessary activities.

2.2 AutoMedPrint System

The research was realized in the scope of the project “Automation of design and rapid
manufacturing of individualized orthopedic and prosthetic supplies on the basis of data of
anthropometricmeasurement”. TheAutoMedPrint (AMP) is a system in development by
the authors. It has a taskof automateddesign andproductionpreparationof individualized
orthopedic supplies—mainly limb orthoses and upper limb prostheses. The system’s
concept is described in the authors’ earlier works [17]. The principle of operation of the
AMP system is shown in Fig. 1.

Fig. 1. The AutoMedPrint system – main idea [18]

The main stages of using the system are as following:

1. 3D scanning of patient limb, automated data processing,
2. automated CAD design of a selected product, based on 3D scanning data,
3. semi-automated preparation of 3D printing process and its realization,
4. fitting and testing with the patient.

Previous successful use cases of the system include wrist hand orthoses [17] and
prostheses [19]. The system has been already used to produce AFOs for younger chil-
dren and attempts were made at making leg stabilizer for adult patients. However, the
specialized type of orthosis presented in the paper poses a significant challenge and thus
it was introduced to the system as an entirely new type of product.

2.3 Patient Data and 3D Scanning Process

The patient is a 13-year old male volunteer, who was diagnosed with a spina bifida
(sectionL4) and lower limbparalysis. In 26th week of pregnancy, as a fetus,was subjected
to intrauterine surgery and as 12-year-old, right hip was surgically reconstructed. As a
results of surgeries and intense rehabilitation since birth, the patient is able to walk
despite lack of sensory input from lower half of his body. However, he is unable to
walk without dedicated, specialized, very expensive orthoses, that have to be frequently
replaced due to body growth. What is more, side effect of the hip surgery is shortening
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of the right leg by several centimeters, which requires the orthoses to be of asymmetric
construction. Currently used orthoses are unfit for the water activities and patient is
unable to walk to and from the water bodies (e.g. pool, lake), which severely affect
his independence, comfort and set of desired activities. There are currently no orthoses
commercially available for such patients, with intention of use in the water.

The patient was 3D scanned using the AutoMedPrint system hardware and auto-
mated software. Figure 2 presents the scanning process. Both legs were scanned in the
“right angle” sitting position (knee bent at the right angle, parallel foot and femur) and
straightened, laying position. The patient was scanned using two scanners: David SLS-3,
installed on the automated work stand and EinScan Pro – a manual, handheld 3D scan-
ner. During the scanning, a physiotherapist was present to select the most comfortable
and anatomically correct positions.

Fig. 2. 3D scanning of patient lower limbs using the AutoMedPrint system

Complete work with the patient (scanning of both legs in two positions using two
scanners) took approximately 45 min. Another 30 min were spent for the joining, clean-
ing and reconstruction of the scans. The manual correction of the reconstructions took
approx. 3 h of work of biomedical engineer and a physiotherapist.

The scans were subsequently joined, cleaned and limb model was reconstructed of
them, mostly using automated algorithms embedded inside the AutoMedPrint system.
The algorithms are based on the MeshLab open source software (version 2019). As an
end result, 3D reconstructions in form of STL file – triangular mesh – were obtained for
each leg, position and scanner (total of 8 limb models), example of such mesh is shown
in Fig. 3. The meshes were then manually corrected using the GOM Inspect software,
according to physiotherapist recommendations. The corrected meshes were used for the
design stage.
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2.4 Orthosis Design

The first step of design was getting coordinates of selected points directly from the
reconstructed mesh, using scripts (recorded in the MeshLab software and then modified
for purpose of automation). This process involved filtering and conversion, to obtain an
Excel spreadsheet containing solely the filtered point coordinates. The point coordinates
were used to construct the sets of splines, which created the basic shape of the orthosis,
using the 3D Experience modelling software (CATIA v6).

Guidelines for the preparation of the initial project were as following:

– orthosis intended for contact with water, adding holes on the surface, allowing free
flow of water and reducing the mass of the orthosis;

– required close adjustment to the anatomical shape of the patient’s legs, ensuring
stability during movement and comfort of use in water;

– wall thickness of the orthosis not exceeding 4 mm;
– the inner layer of the orthosis is lined with a textile material that separates the skin
from the material of the orthosis;

– multi-part structure of the orthosis (several independent bodies), parts connected in a
detachable manner (except for the straps, which are to be mounted with rivets);

– general division of the orthosis structure divided into two areas: upper (calf) and lower
(foot);

– upper and lower parts are detachably connected with each other by means of a
connector fixed with screws;

– upper part to stabilize the calf (adding tightening tapes or a mechanical lock);
– lower part ensuring the stabilization of the foot (addition of tightening straps or a
mechanical lock);

– in the orthosis for the right leg, it is necessary to add a special support for the foot,
ensuring the leveling of anatomical differences of the patient;

The initial model was created as a set of splines based on the original 3D scan of
the lower limb. The splines were used to create surfaces, that were later converted into
a solid (Fig. 3).

Fig. 3. 3D modelling of the orthosis
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After the manufacturing and testing of the first design, another design was created.
This process was repeated 2 more times – 3 subsequent design versions were obtained.
Over the course of changing from version 1 to 2, design methodology was altered for
easier change introduction. A wireframe model was introduced (Fig. 4), to make it
easier during the later design automation. The basis for building the model were control
points in specific sketches, connected with each other by lines (straight and / or curves).
The logic of dependence of individual sketches of the skeleton was proposed, adopting
specific hierarchical rules (superior and dependent points). This approach allowed for
dynamic changes to be made while the modeling was in progress and was to guarantee
the possibility of introducing changes in the future. On the basis of the prepared skeleton
model, the surfaces of individual elements of the upper and lower parts were created.

Fig. 4. Second iteration – wireframe model

2.5 Manufacturing

Each iteration of the product wasmanufactured additively, using FusedDepositionMod-
elling technology. Two materials were used as a building material. For the first, test iter-
ation, PET-Gmaterial was used for the main orthosis body and the connecting beamwas
3D printed of nylon. For the other two iterations, two materials were used: PET-G and
nylon (PA-12) and the final material intended for use is nylon, due to its better mechan-
ical properties (PET-G was considered rather as a test material). In the second iteration,
the connecting beams were made of carbon fiber – epoxy resin laminate (in both mate-
rial versions). Minimal amount of support structures was used. The layer thickness was
0,35 mm, infill was 60% and the build orientation was vertical (leg axis approximately
parallel to the machine vertical axis).

For PET-G, the machine used was of Delta type – all the movement is realized
by the extrusion head located at the end effector of the vertical, inverted Delta robot.
The TEVO Little Monster low-cost machine was used for that purpose. For the nylon
material, ZortraxM300machinewas used. The programwas prepared using Simplify3D
software.

After the 3D printing, the orthoses were subjected to basic post processing (support
removal, grinding and removing sharp leftovers) and then were lined up inside using
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the EVA foam of various thickness (2–4 mm). Thicknesses and locations of the EVA
foam were directly shown by the physiotherapist. The foam was joined to the orthosis
inner surfaces using a waterproof double-sided adhesive tape. For the two first design
iterations, the elements were joined using nuts and bolts.

2.6 Verification and Testing

The test procedure consisted of the following experiments:

1. Visual testing and general assessment.
2. Fitting test – patient in sitting position.
3. Standing test – with and without support.
4. Walking test – with and without support.

All experiments and assessments were performed by a team consisting of biomedical
engineers and a physiotherapist. Tests number 2, 3 and 4 were conducted subsequently –
after obtaining comfortable fitting, the patient tried to stand, first with assistance of
physiotherapist, then without support. After successful standing, next step was walking,
first several steps with assistance, then a longer distance (~10–15 m back and forth)
with assistance and then an attempt without any assistance. For each orthosis, the stage
of testing reached was noted, along with the observations and comparisons with the
currently used commercial orthosis.

3 Results

3.1 Design Results

Differences between the subsequent designs are shown in the Fig. 5 (right leg only).
The first iteration had the highest count of 3D printed parts – it contained the calf, the
foot, the knee support, foot cover and connecting beam, plus an additional footing for
the shorter leg. In the second iteration, the 3D printed beam was ditched in favor of a
carbon fiber laminate and the foot cover was also removed. In the third iteration, calf
and foot were merged together for better stability.

3.2 Manufacturing Results

All the iterationsweremanufactured successfully.No errorswere recorded and processes
were successfully realized. Times andmaterial consumptions are shown in Table 1. Each
single orthosis required approximately 2–3 h of manual work. It consisted of approx. 15
min of support removal and cleaning, above 1 h of foam cutting and gluing for the calf
part and below 1 h for the foot part. Figures 6–8 present the finished orthoses (all three
iterations discussed in this paper).
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Fig. 5. Three iterations of design (1–3 left to right)

Table 1. Time and material consumption for all variants of the orthoses

Version Side Material Time [min] Material [g] Support [g]

V1 Right PET-G 1757 717 18.5

Left 1141 495 13.5

V2 Right PET-G 1391 799 20.5

Right nylon 4026 431 23

Left PET-G 1262 593.5 23.5

Left nylon 3947 414 25

V3 Right PET-G 1484 812.5 8

Right nylon 3915 567 5

Left PET-G 1441 681.5 32

Left nylon 3332 432 7

Fig. 6. The manufactured orthosis, design 1 – PET-G
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Fig. 7. The manufactured orthosis, design 2 – PET-G and nylon

Fig. 8. The manufactured orthosis, design 3 – PET-G

3.3 Testing Results and Discussion

In general, all the iterations made it possible to reach the last stage (walking), although
only the last iteration allowed somehow independent walking (with minimum to no
support from other persons).

The main observations were divided into subsequent orthoses – pairings of design
iteration and specific material. As every single orthosis passed through the visual control
and general initial assessment, this stage will be omitted.

1. Two-piece nylon beam orthosis, PET-G material

1) fitting test (Fig. 9) – the orthosis was 6–7 cm too long and 5 cm too wide in the
midfoot, too narrow in the ankle area by 2–3 cm, the heel did not reach the inner
surface; it was also 8–9 cm too wide under the knee and the support straps broke
off in one place; the additional piece securing the foot from upwards was found as
unnecessary and thus removed from subsequent iterations;

2) standing test (Fig. 10) – no possibility of self-supporting, only with the help of
other persons or a wall, patient swaying forward and backward (nylon beam was too
elastic);

3) walking test - no possibility of independent walking, possibility of walking by hold-
ing to a wall or with the help of other persons, very low stabilization in knee area,
the patient was leaning forward and to the right side.
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Fig. 9. Fitting of orthosis, version 1 – visible problems

Fig. 10. Standing test of orthosis, version 1, visible bending of the nylon beam

2a. Two-piece carbon fiber beam orthosis, PET-G material

1) fitting test – no major problems, slightly too loose in the knee area;
2) standing test (Fig. 11a)- the patient was able to support himself, but due to slight

rocking forward and backward, a bit of support from other persons was needed;
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3) walking test - the orthosis broke after a few steps in the foot part, in the beam
assembly area (Fig. 11b).

Fig. 11. Standing and walking test of orthosis, version 2, a) self-supported standing, b) broken
orthosis with visible failure location

2b. Two-piece carbon fiber beam orthosis, nylon material

1) fitting test – the same as PET-G orthosis;
2) standing test - the same as PET-G orthosis;
3) walking test – assisted walking (with help of other persons) was possible, but at first

attempt at independent walking, the orthosis broke, in a similar area as the PET-G
orthosis.

3. One-piece, no beam, PET-G material

1) fitting test – no problems;
2) standing test – the patient was supporting himself, but due to the leaning forward,

slight protection was needed;
3) walking test – assisted walking was fine (Fig. 12); the patient was able to take a few

steps by himself, but bending and twisting his knees towards the outside. With the
protection of third parties, the patient was able to walk a distance of approx. 25 m,
but the knee twisting to the left side was noticeable. Walking was much more stable
in the shoes than without them.
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Fig. 12. Walking test of orthosis, version 3, with and without shoes

The main conclusions of all tests are as following:

• the additively manufacturing orthosis for paraplegic persons is a viable concept – the
patient was able to stand and walk, the orthosis was given to him to further train
walking and give more feedback,

• automated 3D scanning and scan processing allowed for quicker preparation of design
variants, although automation of the design itself would be quite difficult, especially
that the patient is an extraordinary case (usually patients with spina bifida are bound
to wheelchairs),

• manufacturing of large-scale objects of nylon on a conventional, Cartesian 3D printer
takes considerably longer time than of other materials available in the Delta printer –
time of manufacturing full nylon orthosis would be approximately of one week, if
using only a single machine, while of PET-G it would be possible to deliver a ready
orthosis in 2 days,

• two-piece variant failed regardless of material, proving that this concept needs further
refining and strength tests,

• additive manufacturing of orthoses for teenagers and adults is possible only using
machines of large working chamber – the Delta type machines seem very well suited
for the task,

Another, final design iteration is currently in the making – to counteract the leaning
of the patient (which is the most problematic issue with the last iteration), the orthosis
shape has been slightly rotated. Manufacturing and testing will be a subject of further
work.
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4 Conclusions

The studies have proven that it is possible to make a 3D printed orthosis for patients
with spina bifida to enable them to stand and walk. Quick processing of 3D scans and
data extraction for 3Dmodelling is crucial in preparing subsequent design iterations. For
teenagers and young adults the manufacturing process is longer than the usual several
hours for the child-sized orthoses [18] and it can take two or three days to complete.
However, this is still much less time-consuming and labor-consuming than the traditional
manual process and is also much cheaper. Cost of the final orthoses was less than 500
PLN per piece, combining material use, machine working time and human technician
post processing time.

Further work will be focused on making the orthosis fully operational, as well as
testing it during dynamic activities performed by the patient in the water. More patients
will be supplied with the design and it will be fully automated, to allow quick testing for
a greater group of patients. Moreover, the methodology of strength testing is currently
being devised and the 3D printed orthoses will be subjected to experimental strength
testing, to reduce the number of iterations in future work.
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Abstract. Research on the use of individualized anatomical models imitating soft
tissues covers more and more areas of medicine. Currently, scientists are focusing
on organs such as the heart, kidneys and liver. Tests involving the soft tissues
of the oral cavity, for example the tongue, are much less frequent. The article
compares various approaches to the production of anatomicalmodels of the tongue
with a lesion. The models are designed to assist the physician in preparation for
tumor resection surgery and tongue reconstruction. Materials and technologies
were proposed that enabled the production of hard models for case visualization,
and models imitating soft tissues that enabled simulated surgery. All phantoms
were subjected to a medical evaluation.

Keywords: 3D printing ·Medicine · Tongue · Simulative operation ·Model

1 Introduction

Rapid manufacturing technologies, commonly known as 3D printing, have significantly
spread over the last 20 years and are now one of the standard manufacturing meth-
ods, alongside methods such as subtractive manufacturing or casting. Therefore, the
use of 3D printing is currently visible in most areas of industry or services, as well as
medicine. Particularly, several larger application groups can be mentioned: prosthetics,
implantology, pre-operative preparation support, education and bioprinting. One of the
greatest advantages of 3D printing in medical applications is the ability to reliably recre-
ate complex shapes of anatomical structures, which translates into the individualization
of products used in treatment [1]. It is possible to produce prosthetic socket adapted to
the individual shape of the patient’s stump or orthoses dedicated to individual patients
[2, 3], endoprostheses and implants adjusted to the individual shape and structure of the
patient’s bones and joints [4], anatomical models of the mandible or kidney, improving
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the course of the operation and enabling better preparation for operations as well as
performing a simulated operation [5–8] and many others. Personalization increases the
safety of the procedure and improves the quality of the patient’s treatment.

Otolaryngology is one of the areas of medicine dealing with the diagnosis and treat-
ment of disease problems arising within the head and neck. This range also includes
ailments related to the tongue or salivary glands. Cancer of the tongue is one of the most
commonmalignancies in the oral cavity. A tongue tumor can grow relatively quickly and
spread deeper into themuscles of the tongue. It is recommended that the resulting lesions
undergo tumor resection. This procedure involves radical removal of the tumor, and the
operation is highly demanding due to the difficulty of accessing the tumor, it may lead
to trismus or massive bleeding. After tumor resection, a cavity remains, which should be
reconstructed using the patient’s tissues. Failure to accurately reconstruct the language
is associated with the following problems such as difficulty swallowing, problems with
articulation, which can lead to psychological problems [9].

Therefore, individual physical models, representing the distribution of pathology in
the area of the tongue are a useful and important element of preoperative preparation.
They allow to get acquainted with the location of the lesion, its location and structure
as well as the relationship between change and healthy tissue [9]. The correct selection
of materials and manufacturing technology is important because it affects the shape
and dimensional accuracy, the time obtaining the final model, the costs of obtaining
the phantom and its functionality. Models made of materials imitating the hardness of
the soft tissues that build the tongue and materials with a noticeably different hardness
for the tumor, can be used as an aid in the planning stage of the operation. Also can
be used as a model for a simulated operation. During surgery the doctor learns how to
properly conduct the incision and how much area must be resected for the operation to
be performed correctly.

As part of the research, two approaches to creating tongue models with lesions were
proposed. They are divided according to their functions. Models whose only function is
visualization were fully produced using the FDM (Fused DepositionModeling) method.
In the case of models that were used to perform the simulated operation, two manufac-
turing methods were used - FDM and Vacuuum Casting/Molding. The aim of the article
is to present the methodology of producing anatomical models of the tongue with a
lesion that must undergo resection. Various approaches and the related functionality of
the phantom will be compared as well as the medical evaluation of the obtained results.

2 Materials and Methods

2.1 Methodology

Based on medical imaging, it is possible to perform segmentation by the method of e.g.
threshold. The files obtained in the study in the DICOM (Digital Imaging an Communi-
cations in Medicine) format are processed in a program dedicated to work with medical
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imaging (including InVesalius, 3D Slicer, Mimics). In the case of tumors of the tongue,
two elements are distinguished: the tumor and the tongue. The obtained digital models in
the STL format require additional post processing consisting in the removal of artifacts
formed during segmentation, smoothing and closing the holes formed in the mesh in
order to obtain a waterproof model. All these procedures can be performed in programs
that enable work on a mesh (e.g. GOM Inspect, Mesh-mixer, MeshLab) [10].

At this stage, the design and manufacturing procedures are separated depending on
the selected strategy. For models whose task is only to visualize the location of the lesion
and its relationship with healthy tissue, the files are already imported at this stage into
the software dedicated to the selected 3D printer. This procedure is also performed when
is access to high-budget devices, which enable simultaneous printing from materials of
different hardness andmechanical properties within one object. Uploaded files are sliced
and Gcode is generated, which is sent to the printer and the physical model is created.
Dependingon the printingmethod selected, the objectmay require post processing before
handing the product over to doctors. Usually it consists removing supports, grinding,
trimming or gluing.

The second approach is to combine two manufacturing techniques: additive man-
ufacturing using low-cost equipment (e.g. FDM) and casting using silicone or resin
materials. By combining these two technologies, it is possible to obtain physical models
made of materials with different mechanical properties and hardnesses. The phantom
produced like this is cheaper than using high-cost additive manufacturing methods (e.g.
Polyjet). The digital model is used to obtain a negative of the casting mold designed
separately for the tumor and for the entire model i.e. tongue+tumor. During designing
molds it is important to include the components necessary for proper casting - filler and
overflow and the correct dividing line, which will facilitate the subsequent demoulding
procedure. It is also important to correctly arrange the negative which help to correctly
place the tumor. All procedures related to the design of the mold can be performed in
CADprograms and/or programs that enable work on a trianglemesh (e.g. Catia, Blender,
Meshmixer). The obtained models are sent to programs dedicated to the printers used,
they are sliced and then 3D printed. The manufactured forms require appropriate prepa-
ration for the further casting procedure. The casting process takes place as standard
moulding, it can also be performed under vacuum conditions (Vacuum Casting) or by
using the vacuum chamber only to degass the material. In a situation where the model
consists of more than one element, the smaller components are first cast and after they
are placed in the final form. Then the final physical model is cast. After the material is
hardened, the model requires post processing consisting in the removal of excess mate-
rial appearing at the edges of the mold connection and around the filler and overflow
area. The product prepared in this way can be deliver to doctors. The methodology of
designing and producing anatomical models is presented in the diagram below (Fig. 1)
[11–15].
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Fig. 1. The methodology of producing anatomical models, a) the procedure of obtaining digital
models, b) 3D printing of models directly from the STL file c) the design of casting molds and
manufacturing using two different technologies

2.2 Case

The patient was a middle-aged woman with lesion covering the right side of the side
of the tongue and partially reaching the median groove of the tongue. As part of the
preoperative preparation, medical magnetic resonance imaging (MRI) was performed
and the series of pictures was obtained before and after the contrast application. The
slice thickness for the images was 1–2 mm.

2.3 Model Designing

The received files were imported into the open source program - InVesalius. In coop-
eration with a radiologist, manual segmentation of the n lesion was performed using
the thresholding method. Then, the segmentation of the tongue was performed in the
same way (Fig. 2). However, with a view to further design, including the creation of a
negative of the mold, the segmentation of the tongue consisted in marking the correct
area for the anatomical shape of the tongue. This means that the mask applied to the
image also covered the tumor area at the outline of the tongue. Such a strategy allowed
for the creation of elements correctly matched to each other in the next stages. The 2D
masks were transformed into 3D digital models, which were exported in STL format.

The obtained models of the tongue and the tumor were smoothed and cleaned of
single, unconnected triangles and artifacts. The procedure was performed using the
available mesh editing tools in the GOM Inspect 2017 program. The results obtained are
shown in the figure (Fig. 3).

The further design stage depended on the function of the model and the selected
manufacturing technology. As part of the research themodels weremade in two different
ways.

The first one was to design a fold-out model with easy access to the space in which
the tumor was embedded. In this way, the procedure of placing the tumor in the tongue
and removing it was simplified in order to get to know the location and position of the
tumor in the the tongue. For this purpose, the model was divided into parts. A smaller
part was a tongue fold covering the tumor and building it in from the side edge. The larger
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Fig. 2. Preview on windows in InVesalius program: view on masks and 3D models

Fig. 3. Models before (left) and after (right) digital post processing
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part comprised the rest of the tongue and a lump-like groove. In order to get the correct
tumor matching to the tongue, the files were imported into Blender program. As digital
models maintain the common origin of the coordinate system during segmentation, the
components are positioned in relation to each other in accordancewith reality. Therefore,
it was possible to perform the subtraction procedure by Boolean Algebra. In this way, a
model of the tongue with a tumor-shaped excision was obtained. The further division of
the tongue model and the design of the connecting elements were also done in Blender.
Finally, the edges of the hole for the tumor were rounded, thus improving the printout
and the procedure for placing the element in the model. The obtained effect is shown in
the figure (Fig. 4).

Fig. 4. View of the model split and connecting components

The second approach was to design two molds that were made by additive manu-
facturing methods. The first form was a tumor negative with additionally arranged holes
for filler and overflow. The second form was the negative of combining the tongue and
tumor models (reusing the boolean algebra - addition). Also in it, additional components
were designed to enable the correct casting of the model. The negatives of forms and
holes were also obtained with the use of boolean algebra - subtraction and all procedures
were performed in Blender program. The arrangement of components, the division of
forms and the cutting of excess material were made in the Meshmixer program. In order
to obtain the correct fit of the parts of the larger mold (for the tongue), holes for the
connecting pins are also designed. The end result is shown in the drawing (Fig. 5).

Fig. 5. View of the casting molds for the entire model (left) and the nodule (right)
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2.4 Materials and Technologies

Planning the selection of material is closely related to the selection of a specific manu-
facturing technology. As part of the research, twomanufacturing methods were selected:
FDM for the production of a demonstrative, fold-out model of the tongue with a tumor
and molds and casting using a vacuum chamber to produce semi-transparent models,
imitating the hardness of real tissues.

FDM models were made on 3 devices. The fold-out model of the tongue was made
of PLA material on the Creality Flash Forge Creator Pro printer, while the tumor was
made of ABS material on the Makerbot Replicator 2× printer. All elements were man-
ufactured with a thickness of 0.2 mm and a filling of 25%. The printing time of the
tongue model was ~120 min, while the tumor phantom was ~50–60 min. All elements
required manufacturing supported by a support material and additionally raft was used
to increase the surface of the model’s contact with the working platform. In addition,
using the FDMmethod, one of the tumor variants was produced, which was then placed
in a casting mold. Flexible TPU material was used to produce this element and it was
printed with a Pursa i3 MK3S+printer. The layer thickness was 0.15 mm and the filling
was 15%. The printout took ~30 min. All molds were produced in one process. The
printout lasted ~540 min, all elements were made of PLA material, the layer thickness
was 0.15 mm and the filling was 25%. An FDM Pursa i3 MK3S+printer was also used.

The procedure of casting the tongue and tumor models was divided into two stages.
In the first one, tumor models were cast, while in the second one, the form of the tongue
was cast with a model of the lesion placed in it. The materials to imitate the tongue and
the tumor were selected experimentally based on the prior assessment of the samples by
specialist doctors. The material dedicated to the tongue remained the same in all cases
andwas Sorta Clear 12 (12 Shore A) silicone, while the casting parameters were changed
for each model. In the case of the tumor, materials from the given hardness range were
selected, which made it possible to compare them with each other and estimate which
material best imitates the hardness of the lesion. These materials were: TPU Fiberflex
(40 Shore D), silicones: Dragon Skin 10 Very Fast (10 Shore A) and XTX 45 Dry (43
Shore A). Thus, 3 tongue models with the following parameters of of manufacturing
were obtained:

• Model 1: tongue - Sorta Clear 12 non-degassing silicone + tumor - TPU Fiberflex,
molded outside the vacuum chamber

• Model 2: tongue - non-degassing and colored Sorta Clear 12 silicone + tumor -
Dragon Skin 10 Very Fast, casting outside the chamber and then degassing the final
model in vacuum chamber

• Model 3: tongue - degassed Sorta Clear 12 silicone + tumor - XTX 45 Dry, molded
outside vacuum chamber

Due to the significant coverage of the tumor with the tissues of the tongue, it was
not possible to create a cavity in the mold that would facilitate the placement of the
tumor model. Therefore, it was necessary to stabilize the position of the model in the
negative to prevent the element from moving during casting. In the case of the tumor
model made of TPU material, modeling clay was used to place the element inside the
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mold. Tumormodels made of silicone could not be place in this way due to the properties
of silicone and its addition to other surfaces. Therefore, the element was set with a use
of silicone with shirt cure time (Dragon Skin 10 Very Fast), which allowed for sufficient
stabilization of the element during the casting procedure. The material was molded into
the mold using a syringe, while in the case of the Dragon Skin 10 Very Fast material, due
to its very short pot life time, the casting was made on the open halves of the mold and
after pouring them, the molds were joined together, thus joining them into one element.

All the silicones used are two-component and all are mixed in a 1: 1 ratio, with the
exception of XTX 45 Dry, which is mixed in a 10:1 ratio. The setting time is different
for each material and is presented in the table below (Table 1). The pouring process is
~3–10 min, while the material degassing procedure in the working chamber is ~10 min
+ ~10 min of rest.

Table 1. List of materials used and their parameters

List of used silicone materials

Material’s name Hardness [Shore A] Color Additional information

Pot life [min] Cure time [h]

Dragon Skin 10 Very
Fast

10 Semitransparent 4 0,5

Sorta Clear 12 12 Transparent 40 12

XTX 45 DRY 43 Transparent 90 12

3 Results

3.1 Physical Models

All the models obtained required slight post processing. The entire model of the tongue,
produced by the FDM method, had to be cleaned of the supporting material. Due to
the printing position, the connecting pin had a very low strength and it was detached
quickly. Therefore, the material was melted in this place and a metal pin was inserted in
it. Then was stabilized and glued with cyanoacrylate glue. In addition, it was necessary
to polish the surface of the tumor to facilitate the placement of the tumor in the tongue
model. The finished product was delivered to the doctors (Fig. 6).

The cast models required the removal of excess material accumulating in the places
where the mold is joined, as well as the remains of the filler and overflow. In the case of
silicone models, some imperfections were noticed, which, depending on the parameters
and connections selected, looked different.

In the case of Model 1 (Fig. 7) a significant disturbance of the model transparency
was noted due to the filling of the model with air bubbles. In addition, due to the shallow
filler, the material supply tube was inserted too deep into mold, which is visible on the
final model. Moreover, there was no bonding between the silicone and the TPUmaterial,
so it would be possible to freely enucleate the tumor. If the element were not covered
with an outer layer of material, the model element could fall out of its own accord.
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Fig. 6. Fold-out model made of hard plastics

Fig. 7. View of the model number 1

WithModel 2 significant underflows across the entire phantom can be noted (Fig. 8).
This is related to the degassing method. Namely, the model was degassed after the
mold was poured, therefore it was impossible to observe the material sinking and add
additional material in the event of a loss of material in the overflow. Additionally, an
inflow of air could occur at the moment of rest, already in room conditions, through
leaky mold elements, e.g. in the vicinity of the material supply pipe. It is worth noting
that the boundaries of the mold connection for the time of degassing were additionally
sealed with EVA foam, but not used in the places where the supply pipes were installed.
However, the errors that arise do not significantly affect the functionality of the model as
they do not cover the resected area. The resulting connection between the silicones was
permanent and non-separable. Additionally, in the case of this model, silicone staining
was used to build the tongue model to imitate a more realistic situation in which it is not
visible through the tissue how deep the change is.

Fig. 8. View of the model number 2
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In Model 3 there was also an underflow in the area of the overflow, which could
be associated with uneven filling of the mold or the remaining air pured by the syringe
along with the material. Due to the degassing of the material before pouring the mold,
small air bubbles formed during the mixing of the material were removed and thus the
transparency of the material was significantly improved. However, air was put again into
the material as it was poured from the vessel where it was degassed into the syringe
fromwhich the material was fed into the mold. Nevertheless, the resulting error does not
affect the functionality of the model as it does not include essential parts of the phantom.
It is also worth noting that in this case, the silicone used to form the tumor was stained
to improve the visibility and position of the tumor in the tongue (Fig. 9).

Fig. 9. View of the model number 3

3.2 Medical Assessment

All models have been subjected to medical evaluation by specialist doctors - laryngolo-
gists working in the Department of Otolaryngology, Head and Neck Surgery at Poznan
University of Medical Sciences.

The visual model, made entirely of high-hardness materials, fully fulfilled its func-
tion. The size and shape of the cutout lesion coincided with the produced phantom.
The model can assist in the planning of surgery and the approach to tumor removal.
Moreover, it allows to estimate the size of tissue collected for tongue reconstruction.

Models for visual assessment and simulated surgery were assessed both in the inter-
view and in the questionnaire, collecting basic information about subjective feelings of
doctors. At the beginning, specialists assessed the visual aspects of the models, and then
proceeded to perform a simulated operation. First, the tumor margins were determined
using a marker, and then the area was marked with a healthy tissue reserve of ~ 10 mm.
Then the tumor was gradually excised. The process of the operation is shown in the
photos (Figs. 10, 11 and 12).

In the survey, doctors were asked questions about the general feeling of workingwith
models and about a specific assessment of the individual materials used for the study.
Two out of three doctors considered Model 3 was the best, while one person considered
it was Model 1. The anatomical structure was rated 4 and 5 on a scale of 1 (very bad) -
5 (very good). General feelings about the material used to create the tongue model were
assessed by all on 4. Doctors, when asked about general and aesthetic feelings about
individual models, assessed them as follows: Model 1 on 3 and 4, Model 2 also on 3
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Fig. 10. Marking the boundaries of the tumor and the cutting margin

Fig. 11. Tumor resection procedure - simulated operation

Fig. 12. The final result of simulated operation
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and 4, while Model 3 on 4 and 5 The least useful in pre-operative preparation would be
Model 1, while Model 2 and 3 could be used in the planning of surgery.

4 Discussion

The soft tissue segmentation procedure is a more difficult procedure as it often requires
either complete manual work ormanual corrections on each layer. In addition, the person
performing the segmentation must first be thoroughly familiar with the anatomy of the
organ and complement the knowledge with the data contained in radiological atlases.
The support of the radiologist in this process increases the quality of the obtained model,
however, it extends the time obtaining the ready digital model (the necessity to sched-
ule an appointment with the doctor in the spare hours from work). The quality of the
obtained digital models is influenced by the series of photos received in the radiological
examination. For soft tissues, the recommended layer thickness is 0.5–1 mm [16]. In this
way, it will be possible to create a shape-accurate model and reduce the likelihood of
missing significant changes in the tumor-healthy tissue relationship. In addition, imag-
ing containing images after application of contrast can improve the reading of the lesion
outline.

Designing models that consist of more than two parts requires that they be properly
arranged in relation to each other in order to be able to freely use the phantom. When
planning the arrangement of connecting elements, the orientation in which the model
will be printed should also be planned in order to obtain the best mechanical properties,
especially for small and loaded elements. In addition, when designing models fitted to
each other in the boolean algebra subtraction procedure, one should take into account
the margin of error that appears in the subsequent additive manufacturing procedure.
Designing casting molds requires taking into account the location of the area of interest
(around the lesion and tumor) and the distribution of the infusion and overflow in relation
to them, so that in the event of a underflow it does not cover the area necessary for planning
the operation. In addition, the demoulding procedure should be taken into account. The
form must be constructed in such a way that the procedure runs smoothly and does not
damage the model. In the tests, the best visual effect was obtained when the material
was degassed before the final casting was made. The problem of the resulting deficiency
can be eliminated by degassing the material already in the syringe, through which the
silicone is fed to the mold. Due to the relatively small volume of the model, it is possible
to perform such a procedure.

During the discussion after the simulated operation, the following conclusions can
be made. The use of transparent material makes it easier to get to know the size, shape
and location of the tumor, which is associated with a better estimation of the margin
of tissue surrounding the diseased tissues. The doctor preparing for the operation can
also perform a trial procedure on such a model, thanks to which he will estimate the
size of the removed tissues and, at the same time, the size of the tissues needed for
extraction for further tongue reconstruction. Getting to know the pathology before the
operation increases the patient’s safety and increases the confidence of the doctor and
shorter operation time. The models also have significant educational value, they can be
a learning tool for students, trainees and residents who have not had the opportunity to
familiarize themselves with specific pathologies before and how to act in certain cases.
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In imitation of tissue hardness, silicone materials work best for the tissues of the
tongue in the range of 10–15ShoreAand for the tumor 35–45ShoreA. It is important that
the difference in hardness is noticeable, because during the actual operation, assessment
by touch and based onmedical imaging are about scratching the cutting area. Staining the
tumor element improves its visibility in the final phantom.On the other hand, the staining
of the tongue element increases the level of difficulty during the simulated operation and
more reflects the actual state of affairs in the operating room. Such a model can also be
used in the education process, when the student is to practice the learned procedure on
a transparent model in more realistic conditions.

5 Conclusions

Additive manufacturing methods can be important in medical applications. The areas in
which solutions using 3D printing can be implemented are gradually expanding. More
and more often they cover the subject of anatomical structures made of soft tissues
and attempts are made to imitate these tissues. Depending on the needs of the doctor,
patient, available technological solutions, time and budget, individual phantoms can be
implemented at the stage of diagnosis and operational planning. Their task is primarily
to visualize the problem, but it is possible to create models that improve preparation for
surgery by performing an operation simulated on an artificial object. In otolaryngology,
the use of such phantoms is still being recognized, and there are few articles researching
this topic in scientific databases. Therefore, it is important to check and further study
how anatomical models of the tongue with a tumor influence the preparation of doctors
and the planning of tumor resection and tongue reconstruction surgery. Further research
should investigate clinical implementations, compare the pathology models with the
actual sample, and in the longer term, it is worth considering the creation of additional
models simulating tissue flaps collected for reconstruction, thanks to which it will be
possible to perform a simulated operation not only of tumor resection, but also of tongue
reconstruction.
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Abstract. In the last decade, additive manufacturing technologies and especially
direct metal laser sintering (DMLS) had become a great sustainability develop-
mentmethodwhich can bewidely used in the industry for testing custom-designed
materials to create highly complex geometry parts that cannot be made by con-
ventional methods. Dental restorations are frequently made by DMLS due to the
accuracy of this technology, which allows the obtaining of customized dental
restoration in a short period of time to be implanted to the patient in a single day
with low cost, by greatly improving the patient’s comfort. The research presents
DMLS principle, cycle life of this technology, as well as the coatings with Ni and
with hydroxyapatite obtained by sol-gel method.

In this paper there were realized experimental researches concerning the
microstructure of hydroxyapatite coating on Co-Cr alloy samples materialized
by DMLS process, which were post-treated at the end and Ni coating on Cu-Zn
cast alloy. The results obtained were compared with similar data related to the
same area of research as these were reported in the literature.

Keywords: Direct metal laser sintering · Sol-gel method · Co-Cr alloy · Cu-Zn
alloy · Hydroxyapatite · Ni coating

1 Introduction

1.1 Generalities

The last industrial revolution (Industry 4.0.) implies the integration of smart manu-
facturing systems and developed information technology. Direct metal laser sintering
(DMLS) technology represents an innovative technology that can be used for realizing
functional and durable products in different domains, such as airspace, aeronautics, elec-
tronics, automotive and medicine, which explains the great interest of the enterprises to
implement sustainability and environmental protection for this technology, with lower
costs. The development of DMLS technology nowadays makes possible to consider the
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manufacturing of metallic structural parts using advanced materials with efficient waste
minimization, high design freedom, and highly complex geometries, that are hardly
possible to be made using conventional manufacturing methods, such as: undercuts;
channels that are passing through sections; tubes which are interconnected within tubes;
internal voids [1–3].

Due to this technology, which allows the parts to be manufactured based on layer by
layer method, designing parts cannot be limited but should consider the parts’ life cycle
and the risks of stresses that occur in the material structure that is melted and solidified
using the laser (welding process).

Using additive manufacturing requires a combination of skills and means in the
fields of metallurgy, mechanics and manufacturing methods. Figure 1 presents additive
manufacturing technologies performance concerning surface quality, part size, geometric
complexity, manufacturing time, machine availability (number of machines available in
the world), static properties, fatigue strength, fabrication cycle in industry, and, as can
be noted, the DMLS process assures the best surface quality, geometric complexity,
mechanical properties, and machine availability, but cannot be used to obtain large size
parts and the manufacturing cycle is low.

In comparison with other additive manufacturing technologies, such as EBM (elec-
tron beam melting), LMD (laser projection/laser metal deposition), DMD (direct metal
deposition), only SLM (selective laser melting) and DMLS technologies can be used in
dentistry.

Fig. 1. Additive manufacturing technologies performance.

The DLMS process consists of sintering a powder material using a laser that binds
powder grains to materialize a solid structure by welding. The un-sintered or loose
material is removed after the sintering process is finished on the machine and can be
recycled for future use, making it both economical and environmentally friendly [4–6].
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1.2 Life Cycle Analysis of DMLS Technology

Life cycle analysis (LCA) is a method that is related to the environmental aspects with
minimal or no adverse environmental impact and the potential impacts throughout the
life of a product from the acquisition of the raw material to its production, use, and
disposal [7]. The LCA for a Co-Cr alloy dental crown made using DMLS is presented in
Fig. 2.The importance of environmental protection and the impact of realized products
on the environment in close correlation with the manufacturing technologies and used
materials has increased the interest in developing methods to better comprise the impact
of all these issues at world level.

One of the techniques under development is LCA. LCA can be used for:

– Identifying the opportunities for improving the environmental performance of
products at different stages of their life cycle; [8].

– Establishing decision procedures in industry, government, and non-governmental
organizations,

– Choosing relevant environmental performance indicators;
– Marketing.

The DMLS process implies long-term competitiveness by optimizing labor, energy,
andmaterials to produce a high-quality products and to find a rapid response for variation
in market demands and delivery time of the products.

Fig. 2. Life cycle analysis of a dental crown made by Direct Metal Laser Sintering.

DMLS is a sustainable manufacturing method because it allows the realization of
dental restoration for customized products, starting from patient radiography or CT
(Computer tomography), with high precision and very good quality.
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After the parts are finished on the machine, they do not require any adjustment or
post-processing procedures; they can be simply directly mounted in the patient’s mouth.

When the DMLS method is used, parts can be produced with low manufacturing
time and a dental operation can be completed in a single day. Using this technology,
material waste is very small because dental restorations do not depend on any cutting
tool, and manufacturing repeatability is very good [9–11].

2 Results and Discussion

2.1 Materials and Methods

The most used technologies for the manufacturing metallic powders for DMLS are
the hydride-dehydride process, water atomization, gas atomization, plasma atomization,
electrode induction melting gas atomization (EIGA), plasma rotating electrode process
(PREP), centrifugal atomization and plasma spheroidization [10].

The most common method of metal powder production for DMLS is plasma atom-
ization. The elemental feedstock is melted under an air or inert gas blanket or under
vacuum. The chamber is then backfilled with gas to force molten alloy to pass through
a nozzle where high-velocity air, N, He, or Ar gas impinges the powder grains onto the
flowing melt and breaks it up.

The powder is mostly spherical, with some asymmetric particles and satellites
present. A satellite is when a smaller particle sticks to a larger one during solidification.
Grain size ranges from 0 to 500 microns.

The most used powders that can be produced using this method are based on Ni, Co,
Fe, Ti, and Al alloys [11–17].

Titanium cannot be directly brought in the powder state because it presents increased
ductility compared to other crystallized metals, crystallinity being defined by the ratio
of crystalline c/a over the theoretical value 1.633, which allows splitting grains after
multiple plans with an atomic density close to the base or median plane [12, 17].

Titanium is highly reactive to warm and oxide refractory materials so that the pro-
duction of powders by mechanical means has the advantage of allowing the possibility
to keep it at high purity level without being necessary to take special measures and
expensive protection measures.

The technological method required for reaching the titanium powder by hydride-
milling-de-hydride systems is strongly correlated to the reaction of titanium to hydrogen.

The solvus curve in the diagram is steep and provides the diffusion of a large amount
of hydrogen in the solid solution [12, 17]. Upon heating under equilibrium conditions,
for temperatures above 450 °C, hydrogen forms a metastable hydride—TiH2.

This can be brought to ambient temperature in the atmospherewithout decomposition
or by a complex reaction.

It is extremely brittle andmay be easily sieved to give a particle size fraction distribu-
tion range. In the case of vacuum heating, the hydride decomposes, liberating hydrogen
[18–20].

Characteristics of the powder particles at the end of themanufacturing process, using
different standards, are shown in Table 1.
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Table 1. Standards (ASTM, ISO, EN) for powder properties used in additive manufacturing
[14–16]

AM Powder
characteristics

Powder type Symbols Techniques ASMT
standard

ISO
standard

EN
standard

Size and
shape

Metallic
powders

� [μm] SEM B822 13322 −

Specific
density

Metallic
powders

ρ specific

[g/cm3]
Gas
pycnometer

B293 12154 −

Apparent
density

Non-free
flowing
metallic
powders

ρapp [g/cm3] Hall apparatus B212 3923/1 3923

Apparent
density

Non-free
flowing
metallic
powders

ρapp [g/cm3] Carney
apparatus

B417 3923/1,
4490

4490

Apparent
density

Metallic
powders

ρapp [g/cm3] Arnold meter B703 − −

Apparent
density

Refractory
metals and
compounds

ρapp [g/cm3] Scott
volumeter

B329 3923/2 −

Tap density Metallic
powders

Ptapped [g/cm3] BT-1000 B527 3953 3953

Average
particle size

Metallic
powders

d60 Fisher
sub-sieve sizer

B330,
C72

10070 −

Powder sieve
analysis

Metallic
powders

− Sieve analysis
equipment
Westmoreland

B214 4497,2591 24497

Particle size
distribution

Metallic
powders and
related
compounds

d10, d60, d90 Light
scattering

B822 13320,
24370

−

Flowing rate Free-flowing
metallic
powders

Flow time (s)
for 50 g

Hall apparatus B213 4490 4490

Envelope
specific
surface

Powder bed
under steady
flow

Sv [m2/g] Measurement
of air
permeability

− 10070 196-6
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Table 2. Mechanical characteristics of Co-Cr powder [12, 28]

The SINT-TECH company and ISO 9001 and ISO 13485 standards propose a range
of powders suitable for the process developed by Phenix Systems.

This powder range was selected to guarantee an optimized result for implementation
with the “PX” range and the former “PM” range systems produced by Phenix Systems
[18–22].

The Co-Cr alloy powder (ST2724G) which is suitable for the DMLS manufacturing
comprises the following chemical composition: 54.31% Co; 23.08% Cr; 11.12% Mo,
7.85% W, 3.35% Si, and Mn, Fe < 0.1% [23, 24]. Table 2 presents the mechanical
characteristics of the Co-Cr powder used for the DMLS manufacturing process.

The DLMS process consists of sintering a powder material using a laser that binds
powder grains to materialize a solid structure by welding. The un-sintered or loose
material is removed after the sintering process is finished on the machine and can be
recycled for manufacturing of other parts by DMLS in the future [4, 6].

The Co-Cr alloy powder has low granulometry, and the size of the spherical grain
(average dimension) is approximately 20 μm [25].

For the Cu-Zn cast alloy samples, the chemical composition was 68.09 wt% Cu and
31.91 wt% Zn.

2.2 Direct Metal Laser Sintering Process

DMLS process is used in different domains, such as aerospace (fuel injection, structural
elements, blades), tooling (tooling inserts), automotive (air ducts, Formula 1 compo-
nents), medical domain (crowns, analog implants, copings, artificial hip joints, medical
instruments) [26, 27].

In the series productionmanufacturing readiness level by Rolland Berger, the DMLS
process in the dental domain has readiness level 10; this is full-rate production compared
to other industries [26, 27].

The quality of the final product made by DMLS depends on the following key
parameters:
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– Material powder; this is the responsibility of the ALM manufacturer in terms of
chemical composition, grain size, and grain shape;

– Process parameters, such as laser power, scanning speed, layer thickness, atmosphere
chamber, and temperature in the DMLS process, etc.

– Part geometry, orientation, build orientation in close connection to the shape of the part
(thickness variation, massive area) and position and number of parts in the chamber,
etc.

For experimental research, the sampleswere designed by SolidWorks andwere saved
as “*.stl” files. The samples were sintered using a Phenix Systems machine type PXS &
PXM Dental. The machine uses a fiber laser with the following characteristics: laser
power P = 50 W, wavelength λ = 1070 nm.

The total working space of the machine is 100 × 100 × 80 mm. The temperature
used for the sintering process was 1300 °C. Nitrogen gas was used inside the working
chamber of the machine for this process [27].

To obtain very good quality dental crown surfaces nitrogen gas and argon gas were
used, especially in the casewhen industrial parts are produced using this type ofmachine.

The personalized conventional dental crown of Co-Cr are manufactured by DMLS,
after patient radiography, which are used for shortening the dental surgery time, leading
to faster healing and recovering of daily life for the patient, representing a simple and
eloquent sustainability process [28].

2.3 Thin-Film Protective Coatings

Before performing of coating deposition, all DMLS samples were required to be washed
with distilled water and to be treated with alcohol. In this research, the procedure for
performing the sol-gel synthesiswas similar to the one that has been reported byFathi and
Hafini [29]. The phosphoric pentoxide (P2O5, Merck) was dissolved in absolute ethanol
to form a 0.5 mol/L solution and calcium nitrate tetrahydrate [Ca(NO3)2.4H2O,Merck]
was also dissolved in absolute ethanol to obtain a 1.67mol/L solution. The solutionswere
mixed in a molar ratio of Ca/P= 1.67 and were homogenized by using a magnetic stirrer
for 48 h, to materialize the sol. By using the dip coating method, the hydroxyapatite has
been deposited on Co-Cr alloy disks samples manufactured by DMLS process.

After coating deposition has been performed, the samples were dried for a few
minutes and they were subjected to a thermal treatment which was performed using an
electrical furnace, in air atmosphere. At the end, the samples were left to cool slowly to
the ambient temperature.

In Fig. 3 is presented sol-gel hydroxyapatite on Co-Cr alloy sample, sintered by
DMLS process and in Fig. 4 is presented Ni coating on Cu-Zn cast alloy sample. In the
Fig. 4, the coating was realized by physical vapor deposition.

Both coatings present a good uniformity and a homogeneous chemical composi-
tion, the substrates being realized of Co-Cr alloy, respectively Cu-Zn alloy having good
mechanical properties, and the coatings presented a good adhesion to the substrate,
improving bioactivity and corrosion resistance. Both types of materials can be used
successfully in the dental field.
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Fig. 3. Sol-gel hydroxyapatite coating on
Co-Cr alloy sample sintered by DMLS
process (×10000)

Fig. 4. Ni coating on Cu-Zn cast alloy sample
(×1000)

3 Conclusions

TheDMLSprocess has changed the domains of dental restorationmanufacturing inmany
aspects. This type of manufacturing technology presents high flexibility in production
for realizing high-quality, personalized medical parts, that are identical with the patient
radiography or CT. The DMLS technique has produced a real industrial revolution in the
dental domain. The sustainability of DMLS is distinguished by the fact that dentists and
dental technicians work much easier thanks to this technology; the patient is also treated
in a much shorter time due to the possibility of quickly manufacturing customized dental
elements.

The appearance and use of DMLS technology in medicine has led to many innova-
tions and opportunities in the medical domain and allows the decreasing costs in close
connection with time-savings for surgical operations in the dental domain by eliminating
the post-processing operations that are necessary in the case of dental restorations pro-
duced using conventional technologies. DMLS has several advantages but also presents
some limits, such as materials limitations, chamber build limitations, laser power limi-
tations, the inert atmosphere required for the manufacturing process, machine cost, and
production cost.

DMLSprocess is a reliable technology that can be used in dental andmedical applica-
tions, having a full rate of production, but for other domains, such as tooling, aerospace,
and automotive, more sustainable development research is required to increase the accu-
racy and efficiency of DMLSwith respects to the decreasing material andmanufacturing
system costs, which will allow much faster production of products.

The research in this paper concerning the chemical coating with hydroxyapatite on
Co-Cr alloy sintered by DMLS and the physical vapor deposition with Ni on Cu-Zn cast
alloy. Both samples present the uniformity of micro-structures, using SEM analysis,
but porous structure for the HA coating and a compact structure for Ni coating. HA
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coating was realized to improve the bioactivity for the dental implants, and Ni coating
was realized to improve the corrosion and wear resistance.

Coatings obtained by chemical methods are more durable and can be made on larger
parts surfaces, compared to physical coatings, which are more expensive and allow the
coating of small surfaces with very fine and uniform layers, of the order of nanometers.

In the future, additive manufacturing will evolve in developing of new types of
innovative technologies, such as 4D printing, 3D bioprinting, and hybrid manufacturing,
thanks to the advances that are performed in this field fromone year to another and thanks
to the intelligent materials that are developed year by year, allowing the possibility of
developing more complex and multifunctional components not only in industry but also
in the medical field.
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Abstract. Additive manufacturing (AM) methods are widely used in the indus-
trial production, such processes being controlled by a computer, that permit to
create three-dimensional object by depositing materials, usually in layers. The
objective of this article was to realize sintered compacts of Co-Cr powder doped
with ZrO2 and with HAp, necessary to improve the bioactivity for the medical
implants. For this study, the samples were immersed in simulated biological fluid
(SBF) for 21 days. The samples were doped with different percentage of HAp,
respectively ZrO2. The morphology and the structure of the sintered compact
samples were establish using a scanning electron microscope, realizing mapping
analysis. In this study were remarked that the sintered samples of Co-Cr doped
with ZrO2, don’t present the growth of HAp, but the sintered samples of Co-Cr
present after immersion in SBF, an increase of new nucleons of HAp, especially
for the sintered samples of Co-Cr doped with 10% HAp.

Keywords: Sintered compacts · Direct metal laser sintering · Co-Cr alloy ·
HAp · ZrO2 · Bioactivity

1 Introduction

Additive manufacturing processes can be widely used for materializing of objects with
precise geometric shapes, using computer aided design (CAD) or 3D object scanners.
DirectMetal Laser Sintering (DMLS) process is built layer by layer, aswith a 3Dprinting
process, which contrasts with traditional manufacturing that often requires machining
or other techniques to remove surplus material [1–15].

The alloy Co-Cr is a tolerable and non-toxic material for the human body and for
this, it is used frequently for manufacturing implants, together with other metal alloys
such as L316, L304 or Ti6Al4V.

Co-Cr alloys are metallic biomaterials which are essential to be used in orthopedy,
cardio vascularity, and dentistry grace of their excellent mechanical properties, high
corrosion resistance, and high wear resistance.
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Cobalt-chromium (Co-Cr) alloys have proper characteristics in terms of strength,
hardness, toughness, corrosion and biocompatibility. Cobalt chromium, as well as tita-
nium alloys are one of the most widely used materials for knee implants manufacturing.
Themechanical properties of Co-Cr alloys are quite high and are similar to stainless steel
material and the explanation for this is due to the multiphase structure and precipitation
of carbides that allows the increasing of the hardness of Co-Cr alloys at the end [10–20].

The hardness of Co-Cr alloys is comprised between 550 and 800 MPa, and ten-
sile strength is also variable between 145 and 270 MPa. If the Co-Cr alloys are heat-
treated, the tensile and fatigue strength increases verymuch. These types of alloys present
properties quite similar to the ones of the stainless steel material [20–36].

Generally speaking, the allergic reactions of the patients on the use of cobalt-
chromium alloys are very low, as compared to the case of reported allergies of patients
to specific metallic materials like nickel.

Zirconia is a bioactive material, a ceramic with excellent mechanical and thermal
properties. In literature were realized thin film depositions of ZrO2 on Stainless steel
316L lead to realize a monoclinic phase of ZrO2, and bioactivity in SBF [37, 38].

Hydroxyapatite is widely usedmaterial for dental restoration and orthopedic surgery,
due to its chemical similarity to hard tissue.

Hydroxyapatite [HAp, Ca10(PO4)6(OH)2] is the most widely used calcium phos-
phate bioceramic materials in coatings of different metallic prostheses because of its
osteogenic property and capacity of forming strong bonds with the host bone tissues.
There are many methods available for realizing the HAp coating, as these are reported
in the literature [39, 40].

2 Materials and Methods

In this research it has been used Co-Cr powder for the producing of parts made by
direct metal laser sintering - DMLS process, with the following chemical composition:
54.31% Co; 23.08% Cr; 11,31% Mo, 7.85% W, 3.35% Si and Mn, Fe. The mechanical
properties of the Co-Cr alloy powder are: Vickers hardness 375HV5, elastic module
229GPa, elongation at break 10%, elastic limit 0.2% 815 Mpa, corrosion resistance
<4 µg/cm2.

For the sintered samples made of Co-Cr by DMLS and doped with ZrO2 afterwards
there were used two types of percentage by mass 10% ZrO2 and 20% ZrO2.The raw
materials powders were homogenized during an hour, using ethanol. The realized sam-
ples were pressed into the mold on an active section of 1 cm2, using a pressing force of
20 kg/cm2.

The hydroxyapatite used for doping; it was a powder with a purity greater that 90%.
The sintered samples made of Co-Cr by DMLS process and doped with HAp, were
realized in different percentage by mass (10%, 20% Hap) and the raw materials were
homogenized 1 h, and the ethanol was used. The samples powders were pressed into
mold in the same conditions as they were tested for the samples made of Co-Cr. and
finally the pressed samples of Co-Cr doped with Hap and with ZrO2 were sintered in an
electrical furnace for post-processing.
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The sintered compacts were immersed for 21 days in SBF1x (synthetic body fluid)
at pH = 7.4, under sterile condition at the temperature of 37 °C.

After immersion in SBF, the sintered samples of Co-Cr alloymade byDMLS process
and doped with ZrO2 and HAp afterwards were studied using mapping analysis.

3 Experimental Part

The sintered compact samples of Co-Cr alloy doped with ZrO2 and HAp, were studied
before and after immersion in SBF, realizing electron microscopy andmapping analysis.
The mapping realized before immersion in SBF in the case of sintered compact of Co-Cr
doped with 10% HAp has showed a homogeneous mixed powder where the HAp has
been detected as being present in composition in concentration of 10%, as shown in
Fig. 1. A growth of HAp, existing in different zone with HAp agglomerations has been
noticed after the immersion that has been performed in SBF (simulated biological fluid)
in the case of sintered compacts of Co-Cr made by DMLS and doped with 10% HA
afterwards, during 21 days of monitoring, as can be seen in the last image of Fig. 1
because of new HAp nucleons formation, can observe the peaks of calcium phosphate
hydroxide Ca5(PO4)3(OH).

Fig. 1. Co-Cr doped with 10% HAp before immersion in SBF

In Fig. 2 is presented the mapping of sintered compact samples made of Co-Cr by
DMLS and doped with 20% HAp, which is emphasizing the homogeneity of chemical
elements. After immersion in SBF, the sintered compact made of Co-Cr alloy by DMLS
and doped with 20% HA has been coated with a generous layer of hydroxyapatite and
the new nucleons of HAp appear, having the grain of nanometer order, as in the last
image of Fig. 2. Hydroxyapatite has irregular and elongated grains with nanometer size.
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The mapping results presents the distribution of Ca and P zones, existing on the sintered
samples.

Fig. 2. Co-Cr with 20% HAp before immersion in SBF

In Fig. 3, it can be observed the mapping analysis of Co-Cr alloy powder doped with
10% ZrO2, before immersion in SBF, for 21 days.

Fig. 3. Co-Cr with 10% ZrO2 before immersion in SBF
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Zirconia grains are spherical and are at size of nanometric scale after the immersion
as shown in Fig. 4.

Fig. 4. Co-Cr doped with 20% ZrO2 before immersion in SBF

After immersion in SBF, the morphology presents rounded form particles and news
areas of zirconia crystallites of nanometer order also in the case of 10% Hap dopping,
as shown in Fig. 5.

Fig. 5. Co-Cr doped with 10% HAp, after immersion in SBF
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In Fig. 6, it is presented the mapping test of Co-Cr alloy powder doped with 20%
ZrO2, before immersion on SBF, for 21 days and can be noticed a greater concentration
of ZrO2 on the sintered sample in this variant.

Fig. 6. Co-Cr doped with 20% HAp, after immersion in SBF

Fig. 7. Co-Cr doped with 10% ZrO2, after immersion in SBF
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In Fig. 7, the mapping analysis presents the uniform distribution of the chemical
elements in the sample, the presence of ZrO2.

Fig. 8. Co-Cr doped with 20% ZrO2, after immersion in SBF

Forming of new areas of zirconia crystallites of nanometer sizes after immersion in
SBF (simulated biological fluid) of the sintered compacts made of Co-Cr by DMLS and
doped with 10% HA afterwards has been noticed, during 21 days, as shown in Fig. 8.

4 Conclusions

The sintered samples that were obtained by DMLS process have emphasized good
mechanical properties, but also fragile resistance in some areas due to the porous struc-
ture specific to sintered materials. In the case of orthopedic surgical applications that
are realized based on hydroxyapatite composites, including of the primarily calcium and
phosphate ion substances in the structure of the mixing material, as well as the control-
ling of the crystallinity and physical structures that ensures a better interaction of mixing
elements for in vivo experiments are highly important since they are increasing in this
way the biocompatibility and the possibility of using the reached surfaces of the mixing
materials for different types of coatings that will further on enhance the opportunity for
bonding the bones and the realized structures in the end.

In this article, for the sintered compacts made of Co-Cr by DMLS and doped with
10% ZrO2, respectively 20% ZrO2, after immersion in SBF, the appearance of new
rounded fines particles of ZrO2 crystallites were remarked.
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For the sintered compacts made of Co-Cr by DMLS and doped with 10% HAp
and with 20% HAp respectively, after immersion in SBF, it was noticed the growth of
hydroxyapatite concentrations, showed by the mapping analysis, aspect which is highly
important since this will allow a better osseo-integration of the realized structures in
the human body, by increasing the implants adhesion of the realized structures into the
bone.
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Abstract. In orthopedic surgery, it is vital to use proper fixation techniques to
treat various medical conditions. Distal humerus fractures include high energy
trauma with ruptured skin and low energy trauma in osteoporotic bone. Surgi-
cal treatment of extra-articular distal humerus fractures using open reduction and
internal fixation with plate implants improves patient recovery and decreases soft
tissue complications. Nowadays, two types of plates and their variants are com-
monly used for bone fixation: Dynamic Compression Plates - DCP and Locking
Compression Plates - LCP. For the extra-articular fractures, LCP Extra-articular
Distal Humerus plates are generally used. These fixation systems are standardly
anatomically shaped, and with the capability to provide angular stability to the
bone. Depending on the bone shape and fracture properties (shape and position),
it is not uncommon to perform additional plate bending during surgery, which can
be a problem because of additional surgery time and the possibility of a wrong
plate shape. To improve the topological and geometrical accuracy of the plate the
Method of Anatomical Features (MAF) was applied and presented in this study.
MAF enables the creation of a parametric plate-humerus contact surface model
based on human humerus Referential Geometrical Entities (RGEs), Constitutive
Geometrical Entities (CGEs) and Regions Of Interest (ROI). Using an anatom-
ically shaped contact surface model, the standard plate model can be tailored
to follow the shape of a particular humerus bone during pre-operation planning.
The newly developed model can be manufactured using a specific manufacturing
technology.

Keywords: Distal humerus · LCP plate · Parametric model · Method of
anatomical features

1 Introduction

A prerequisite in orthopedic surgery is to deliver the finest medical therapy possible to
a patient with bone trauma. Bone fractures are a common type of bone traumas, and
they can be treated by using internal and external fixation techniques. The term external
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fixation refers to a surgical procedure where a fixator is placed outside the human body
to stabilize bone fragments [1]. Internal fixation relates to the use of implants (screws,
needles, and plates) to stabilize a bone fracture [2–5]. The use of internal fixation is
more desirable because it enables a better recovery process [1, 2]. In the surgical treat-
ment of bone fractures, the most used internal fixators are plates. These fixators are
produced in different sizes and shapes so that they can be applied to specific patients
[4]. Plate implants which are used for bone fracture fixation are standardized, and they
are created by following standard recommendations and rules. This can raise a problem
due to the difference between the shape and size of a patient’s bone and a standard-
ized plate implant surface [5–8]. When this happens, it can be difficult to find correct
plate positioning, which can lead to inadequate load transfer during the healing of the
bone, and patient recovery can be compromised. This issue can be reduced through the
use of so-called personalized plate implants (PPI). PPIs shape and geometry are tai-
lored to the morphology and anatomy of the patient’s bone, and surgeon (clinical case)
requirements, width possibility to preserve the blood flow in the periosteum [1, 8]. The
application of PPI has a positive effect on patients, but it takes more time to complete
pre-operative planning and implant production [8]. Consequently, in situations where
the use of standard implants can cause intraoperative and postoperative complications,
PPI is employed. It is generally known that a patient-specific bone model is required
to develop an anatomically adjusted plate implant. In the cases of fractures, bone data
acquired from medical imaging methods is usually incomplete, i.e., there is not enough
geometrical or anatomical information to reconstruct a complete bone model. There-
fore, in the research analysis, methods that enable the creation of complete models of
bones based on incomplete medical data, obtained by medical scanning, will be pre-
sented. Secondly, details about plates and procedures (methods) for their creation will
be described.

1.1 Creating Complete 3D Bone Models Using Incomplete Bone Data

It is common not to acquire complete 3D geometrical data of scanned bone in clinical
practice. Besides the already stated bone fractures, other reasons for missing data can
be insufficient 2D images obtained from X-ray, absence of volumetric scanning devices
(e.g., Computed Tomography - CT), and inability to perform volumetric scanning (due
to the extensive radiation exposure). In such cases, it is necessary to define and apply
a method, which can enable the reconstruction of a complete 3D model of bone or a
specific part of the bone, but only using the available data. The methods can be divided
into methods based on a generic (template) model and those based on other techniques,
mostly contoured projections [9]. Template model-based methods mainly use the Free
Form Deformation (FFD) approach, statistical bone models, parametric bone models,
or a combination of these models or strategies.

FFD methods are based on the use of a mesh model which is defined as boundary
surface over a certain pre-defined volume model. The mesh model is adapted to the
input model [9, 10] by using subsequent iterative deformations. Mesh can be deformed
to accommodate a 2D X-ray of the bone in a particular projection or projections [11]. A
similar technique (FFD) is a technique in which a previously created CT template model
is deformed based on parameters read from X-rays [12].
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Statistical bone models are based on the application of statistical methods on a set of
input bone models acquired from different sources [13]. These models can be adapted
to the patient’s bone shape by applying specific values obtained from medical images.
An example of creating a statistical-parametric model based on quadratic surfaces is
given in [14]. This is a typical example of using statistics to form a model that can be
modified depending on certain morphometric parameters (and even other parameters),
obtained mainly from medical images. Statistically based models such as ASM (Active
Shape Models) [15] are used to iteratively deform and fit the statistical model into the
input model (e.g., X-ray). Another approach may be to apply a “smart” pattern model,
where neural networks are trained with combined data from CT and X-ray, to predict
the shape of the bone (radius and ulna) based on the patient’s radiography [16].

Contour basedmethods use contoured projection in different directions, like applica-
tion of 3Dmodels based on anatomical characteristics and contours created over X-rays,
as shown in [17].

1.2 Plate Implants

In modern medicine, different implant types are used to fix human bone fractures [18].
Oval-hole compression plates represent an introduction to the construction of Dynamic
Compression Plates (DCP) [18]. Oval holes enable inter-fragment compression when
inserted bolts are tightened. These holes are comparable to those described in [19] and are
used for bone fragments compression during screw tightening. The advantages of DCP
were the low incidence of improper jointing, stable internal fixation, and the absence
of the need for external immobilization, which allows movement of adjacent joints.
DCPs must be applied to the periosteum by pressing against the bone to ensure adequate
stability and allow for bone functionality [1, 18–21]. Due to the resulting limited blood
supply, this requirement poses one critical issue: the porosity of the cortical bone at the
implantation location. However, some reservations have been raised [21, 22] about the
usage of plates with a smaller contact area. Another issue with DCPs was refracture after
plate removal from the patient’s body. There is a recommendation that the plate shouldn’t
be removed for at least 15–18 months (while the gap between the bone fragments is
eliminated) to avoid refracture [18]. Various researchers have looked at the causes of
refracture and determined that it is caused by cortical necrosis [22, 23].

To lessen plate interference with cortical perfusion and consequently cortical poros-
ity, a novel plate design was made. This novel design is referred to as the limited contact-
dynamic compression plate (LC-DCP) [21]. LC-DCPhas a lower surface-to-surface con-
tact with the periosteum of the bone than DCP implants (about 50%), because of which
cortical bone necrosis and osteoporosis beneath the bone are decreased. Furthermore,
the LC-DCP is designed with plate-hole symmetry, allowing different-intensity dynamic
compressions on both sides of the hole [21]. It’s worth noting that certain researchers
[23] have concluded that LC-DCP has no effect on bone blood flow or the biomechanics
of the bone-implant assembly.

Almost all the aforementioned implants have now been replaced by plates that can
perform locking as well as provide normal plate functions, such are Locking Compres-
sion Plates (LCP). Locked plating, on the other hand, cannot totally replace standard
(conventional) plating [18]. It is possible to use a combination of both plating processes,
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and this should be done whenever is achievable [20–22]. In comparison to standard
plates, LCPs provide better fixation and can sustain higher loads [25]. When locking
screws are utilized, LCP does not require accurate contouring because the plate does not
have to touch and/or align with a surface of the bone. In these cases, the plate serves
primarily as a fixator, while keeping in mind that the wider space between the plate and
the bone, can be problematic [24–26].

Distal humerus fractures of the human arm (elbow) represent 2–7% of all adult
fractures [27]. Extra-articular fractures, as a particular type of distal humerus trauma,
require open reduction and proper stabilization. Also, stable angular plates are required
if the bone quality (e.g., affected by osteoporosis) is poor. Therefore, adequate elbow
stabilizationwhile the patient is in recovery is of great importance [27–29].LCP (Locking
Compression Plate) Extra-articularDistalHumerus plates are representatives of implants
that can be used for this type of fracture because they enable anatomically shaped and
angular stable fixation system [30]. To treat extra-articular fractures of the distal humerus,
specific attention is focused on the LCP plate shape where the plate touches the distal
part of the humerus, i.e., the distal plate end should curve along the back of the lateral
column. Also, LCP distal plate part must be at safe distance from the olecranon fossa
so that complete elbow extension is not impeded. To accomplish these requirements
LCP plate needs to be bent during surgery in specific clinical cases [8]. Bending during
surgery can be avoided if predefined PPI plates are used.

To better understand plate implants and their possible application to the human
body, it is essential to understand some types of standard biomaterials which can be
used for their production. The most common biomaterials utilized in medical practice
for the manufacture of bone plates are bio-metals [31]. Bio-metals belong to the group of
inorganic biomaterials. They are not biodegradable, although research is now underway
to develop alloys that are. The bio-metals most commonly employed in orthopedic
surgery include stainless steel, cobalt alloys, and titanium alloys. Because of corrosion,
bio-metals can cause toxicity. Also due to heterogeneous load distribution in some cases,
the application of bimetals is followed by early failure. Because of all of this, multiple
studies [31–33] have tackled organic biomaterials and bio-composites, like Polyglycolic
acid (PGA), Polylactic acid (PLA), Polymethyl-methacrylate (PMMA), Polydioxanone
(PDS), and others. These studies proved that implants made of bio-composites and
biopolymers can be used instead of metallic orthopedic implants. Today, they are only
used in dental implants and in small flexible internal fixators.

1.3 The Proposed Solution for Plate Contact Surface Personalization

To improve the treatment of distal humerus fractures (preoperative, intraoperative, and
postoperative procedures), specifically, extra-articular type, the authors propose the
application of amodified PPI LCP platemodel based on the standard LCPExtra-articular
Distal Humerus plate developed with a new procedure presented in this paper. This pro-
cedure allows for the development of a geometric PPI LCPmodel whose contact surface
with the bone and overall plate geometry are tailored to the geometry and morphology
of the bone (or part of a bone), and parametrized. For this purpose, a PPI LCP paramet-
ric contact humerus-plate surface model was created using the Method of Anatomical
Features (MAF) [6–8]. There are two possibilities for how this model can be used.
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First, a standard LCP plate can be bent during pre-operative planning by using a phys-
ical template model produced by additive technologies and adjusted to patient bone
shape. Second, PPI LCP plate CAD model can be used to produce a physical PPI LCP
model (using additive or conventional production technologies) which can then be used
as the plate implant during surgery.

2 Introduction to Method of Anatomical Features

MAF has already been applied to analyze and create different human long bone models
[7, 8, 34, 35]. Geometrical models of organs can be created by using two general MAF
procedures. The first procedure is based on Reverse Engineering techniques (RE), and
the second uses generic models for the creation of patient-adapted models.

RE procedure is based on the application of medical imaging software for gath-
ering and pre-processing data about the organ and CAD software used for additional
processing. The procedure generally consists of the following steps:

• Medical imaging by using CT (for hard and soft tissue).
• Pre-processing (Segmentation) in medical software which enables creation of ade-
quate organ models, e.g., hard or soft tissue. Segmentation is usually done by using
theHounsfield scale, named after Sir GodfreyHounsfield. By using this scale different
organs can be extracted from the radiographs.

• Exporting a 3D model from medical imaging software to an acceptable format. The
usual export format is the STL format, widely used in RE, 3D printing and CAD.

• Importing andprocessing the 3Dmodel inCADsoftware. The processing inCADsoft-
ware is based on the following: additional filtering of unnecessary data, tessellation,
creation of a polygonal model, creation of geometrical entities, and:

o Definition of the Referential Geometrical Entities (RGEs) – Entities (axes, planes,
points, etc.) necessary to create all other geometrical features (e.g., curves,
surfaces) on the human long bones.

o Definition of the Constitutive Geometrical Entities (CGEs) – Entities based on
RGEs, which are used to develop geometricalmodels of higher-order (e.g., surface,
solid)

o Construction of the human long bonemodels – Procedure for the creation of surface
and solid models of human long bones.

o The definition and application of geometric Regions of Interest – They are based
on anatomically defined ROI, but geometrically defined on the bone model.

InMAF, the parametric (generic) CAD bone model is defined as a point cloud model
created based on geometric (RGEs, CGEs), morphometric and anatomical analysis of
specific bone. Parameters are geometric and morphometric dimensions whose patient-
specific values can be determined using medical imaging methods. By Using these
values, the parametric model can be altered (tailored) to fit the morphology and anatomy
of the human bone.

In this study, a parametric humerus-plate contact surface model (for PPI LCP) will
be created based on the human humerus surface model built by MAF. This model will
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be defined using ROI, RGEs, CGEs, and custom geometrical elements defined during
model building. The whole procedure for human humerus surface model creation, RGEs
and CGEs is described in detail in [36], while in this study, only essential elements will
be stated.

3 Creation of PPI LCP Parametric Model

Twodistinct approaches to create a customPPILCPhumerus-plate contact surfacemodel
based on a standard LCP extra-articular Distal Humerus plate will be shown (Fig. 1a).

• Curve Based Method (CBM) - Standard geometrical elements (spline segments) will
be used as parametrized geometry, while the bone model will be used as a deformable
template model (FFD).

• Subdivision Surface-Based Method (SDBM) will use ROI to define control mesh as
the parameterized grid. Then, by modifying vertices and normals of the control mesh
polygons, the SubD surface will conform to the bone template model.

Both methods will use an already created surface model of the left humerus [1, 36],
obtained from aCT scan of awoman (50 years old), 512× 512px, 0.5mmscan thickness,
scanned on Toshiba Aquilion 64-slice scanner, Clinical Center Nis. The applied CAD
software was the DASAULT SYSTEMCATIA. The initial surfacemodel of the humerus
shaft and distal part is presented in Fig. 1b, with anatomically defined spline curves
(CGEs) based on humerus RGEs. The simulated extra-articular fracture of the distal
humerus (A2 type, OTA/AO classification) is created based on the descriptive model
defined in the literature [37, 38] and shown in Fig. 1c.

Fig. 1. Definition of LCP plate together with bone and fracture model; a – LCP plate model, b
– Humerus surface model with anatomical curves (CGEs), c – Simulated fracture with LCP plate
position

Both methods can be used to produce a newly developed PPI LCP model or use
additive technologies to make a template model for bending a standard LCP plate.
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3.1 Curve Based Method for PPI LCP Model Creation

For the development of a valid parametric model of the plate-humerus contact surface,
it was essential to determine the position and orientation of the standard LCP plate. To
perform this process, additional spline curves were created in distal humerus part and
shaft, as presented in Fig. 2a. By using literature recommendation [30], the specific spline
curves were created by trimming the existing curves (Fig. 2b). The guiding rules were
to encompass the wider area in the humerus distal part and to make it more anatomically
adjusted; to identify and avoid Olecranon fossa but get closer to it; to enable an extension
of shaft part of the contact surface as much as possible. These curves conform to the
guiding rules and enable the definition of a more complex and more detailed contact
surface between plate and bone. The validity of these curves was checked by creating a
surface model and checking it against the original (input from CT) polygonal model.

Fig. 2. Humerus surface and plate definition according to anatomical characteristics; a – Addi-
tional anatomical curves in distal and shaft part, b – Trimmed curves in the plate region.

The results are presented in Fig. 3a. Most deviations are below ± 0.15 mm which
is more than acceptable. The created curves are applied to the definition of the surface
model of plate contact area with humerus outer surface. The curves were used to create
the PPI LCP contact surface model, and based on that model, the plate’s volume (solid)
model was created by adding thickness (Fig. 3b). Thickness is also a parameter value,
and it can be adjusted to suit surgeon or literature recommendations (e.g., 2, 3, 4.5 mm).

The humerus surface model can be scaled and personalized by using X-ray images
(Anterior-Posterior or Lateral-Medial view, or both views) of the patient bone (Fig. 3c).
The spline curves will also be transformed and scaled to fit the patient’s bone. Therefore,
the humerus-plate contact surface model will be created according to the patient’s bone
anatomy and shape. If there is a need, curves can be additionally adjusted by transforming
curve pointsmanually.By adding thickness, PPILCPplatemodel can be created andused
as a template model created by additive technologies (e.g., Fused Filament Fabrication
- FFF method) to bend standard LCP plate model, or it can be further processed by
creating locking and regular holes and forming CAD model ready for Computer-Aided
Manufacturing - CAM (i.e., milling, molding, forging, casting).
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The created spline curves (Fig. 2b) are defined by using anatomical points. MAF
anatomical points are parameterized by using morphometric parameters and linear
regression to create parametric functions [7]. In the current research stage, the para-
metric model of the distal humerus part is at the testing phase, so the used points are
already parametrized but not yet thoroughly tested.When this is completed, the humerus-
plate contact surfacemodel will be completely parametric, and it will be enough to create
a personalized humerus bone (or distal part) model. Personalized PPI LCP plate model
will be automatically created, as it is already built for the femur and tibia [7, 8, 34, 35].

Fig. 3. Analysis of the created contact surface and implementation; a –Deviation analysis (bone –
contact surface), b – Solid model of the plate template model, c – Application of the created model
by using radiograph.

3.2 Subdivision Surface-Based Method for Creation of Parameterized Mesh

SubD objects are mesh-based, suitable for more approximate types of modeling such as
character modeling and the creation of smooth organic forms. Parametric patches (sur-
faces) constructed over meshes of random topology are known as subdivision surfaces.
In the samemanner that a face or polygon forms a portion of the polygonal mesh, patches
constitute “parts” of a larger area. Many distinct forms of patches have evolved to fulfill
the objectives of geometric modeling. Furthermore, patches are made up of points or
vertices that impact a rectangular area of a smooth surface [39]. Control points are the
points that control the surface shape, and their set manages the patch as a control mesh
or a control hull. What distinguishes different types of patches is how the control points
impact their surface. Each control point in a mathematical sense has a “basic function”
related to it, that affects the surface in a specific way when only that point is moved
[39]. One of the simplest ways to create a set of patches is to apply a rectangular grid
of control points. Since points can overlap in adjacent patches if one control point is
moved, it affects multiple patches which ensures that they always meet seamlessly for
B-spline patches. Bezier patches, on the other hand, share only points on their borders,
which makes B-splines a better solution for surface representation.
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For this study, parametric patches are defined across a humerus surface model and
represented in Fig. 4a. First, patches are created in anatomical planes, which are defined
as planes normal to the 3D anatomical axis. This way natural form of bone and SubD
modelling principles are preserved. The next step is to define humerus-plate contact
surface by limiting patches in the defined area, as it is presented in Fig. 4b. This approach
enables forming of anatomically defined patches across the contact surfacemodel. These
patches are defined as custom geometric ROI, which are anatomically adjusted to the
bone. Currently, eight patches, i.e., eight ROIs, are defined (more can be added). The
nature of SubD surface modeling enables local control of the individual patches, but
also, it can preserve C2 continuity across the whole shape of the humerus-plate contact
surface. The individual control points of each patch are anatomical points defined by
using RGES and CGES of the human humerus Eq. (1). These points are defined on
the crucial anatomical and geometrical positions at the distal humerus and shaft. Using
these control (anatomical) points, each patch can be manually modified (automatically
if a parametric bone model is applied) and adjusted to the bone surface or surgeon
requirements and join into one mesh Eq. (2) and (3). For example, it is possible to raise
the plate contact surface, if there is a need for blood supply to the periosteum.

ROId = {Pdnm|n = 1..rd ,m = 1 . . . xd}

ROIs = {Psnm|n = 1..rs,m = 1 . . . xs} (1)

ROIds = ROId ∪ ROIs (2)

SubDrsd = SubD(Pdnm ∪ Psnm) (3)

d – distal part; s – shaft part; r – radial points (along the anatomical axis); x – axial
points (in planes normal/under specific angle to anatomical plane); ROIds – Union of
two regions of interest, shaft and distal; SubDrsd –Meshed SubD surface which includes
points from both ROI.

Twodifferent SubDmeshes are created by usingCATIAnet surface technical feature.
The first mesh used two vertical guiding curves as control curves, and profile curves were
automatically calculated, i.e., the mesh is automatically created based on the guiding
curves limitations (Fig. 5a). The second mesh is created by using two vertical guiding
curves, and horizontal profile curves (Fig. 5b). Only boundary patch curves are used,
because the intention was to create a method that should be fast (optimal number of
points or curves) and accurate enough (to satisfy clinical case requirements). If there
is a need, additional points (additional curves) can be selected or created. Guiding and
profile curves are the same ones used for the initial humerus-plate surface creation.

The deviation analysis between these surfaces (meshes) is presented in Fig. 5c,
where it can be seen there is a difference at maximum of 1.87mm, in the area where plate
encompasses distal humerus. The next step was to compare individual deviation analysis
between first and second mesh and bone surface created by using NURBS surface in
CATIA. The analyzes are performed and presented in Fig. 6a, and 6b, respectively. First
mesh has smaller deviations, but this is due to the nature of SubD creation, i.e., it has
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Fig. 4. ROI definition in specific regions and plate specific ROI; a – ROI examples (extracted one
distal ROI), b – ROI defined for humerus-plate contact surface.

a continual surface flow. The second mesh has a more significant deviation error in the
posterior-lateral part of the distal humerus. Deviations are around 1.85 mm (red dots).
Again, this result can be excepted because it is limited by individual profile boundary
curves and created as an individual patch concerning overall geometry. In both cases,
the surface can be manipulated in selected areas and adjusted to the requirements using
individual points, curves, patches, or meshes transformation.

Fig. 5. SubD surface created by using ROI; a – Guiding curves mesh, b – Guiding and profile
curves mesh, c – Deviation analysis between created SubD surfaces

In Fig. 6c, deviation analysis of the initial bone surface and modified second mesh
surface is presented. In this case, the control mesh in the area with the largest deviation
was adapted by removing just one boundary curve, and as it can be seen, the deviation
error is below 1mm. Thus, with additional optimization, the geometrical accuracy of the
model can be further improved, which conforms with the objective of this research, i.e.,
to demonstrate model geometrical (shape) adaptability to the patient’s bone.
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The whole process should be automated with the completion of the parametric
humerus bone model. In that case, it should be easy to just change anatomical points
coordinates by using the resulting personalized point cloud for specific human bone.
SubD meshes should conform to the new position of control vertices, i.e., anatomical
points, i.e., creating control mesh that conforms to the anatomy of the human bone.

Fig. 6. Deviation analyzes ROI; a – First mesh and bone surface, b – Second mesh and bone
surface, c – Deviation analysis between improved second mesh and bone surface

3.3 3D Printing of the Plate Model

Plate template and bone models were printed using CreatBot DX Plus 3D printer (FFF)
as shown in Fig. 7a, 7b and 7c. Material was PLA, and production time was 13 h 21 min
for bone, and 1 h 19 min for plate. The plate model was shaped to conform to the
bone shape and anatomical characteristics. If there is a need to create metal implant,
some other additive technology can be used, like DMLS (Direct Metal Laser Sintering)

Fig. 7. Prototype production; a – 3D printing process, b – Postprocessed models, c – Bone and
plate models assembly
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which enables sintering of metal powdered by laser. This should allow personalization of
plate implants and lead to their possible direct implantation into the patient body during
surgery. In that way, pre-operative planning will be combined with surgical intervention,
which will improve patient recovery.

4 Conclusion

Twomethods for the creation of the PPI LCP Extra-articular distal humerus plate contact
Surface model were introduced in this paper. Both methods enable the construction of a
parametric contact surface model, which can be altered to fit a bone of a specific patient.
The first method (Curve Based Method - CBM) uses parametric curves to construct the
surface model, while the second method (Subdivision Surface-Based Method - SDBM)
is based on the application of Subdivision surfaces. It is important to note that the
main objective of this research was to demonstrate methods flexibility to adapt plate
geometry and shape to the patient’s bone and surgeon (clinical case) requirements in
pre-operative planning, and to compare it to standardized plates and their application
during surgery, particularly bending processes. In ideal circumstances, with proposed
methods, we can fully align the plate model with the bone model and get no (with
bone surface extracting method, thus making the plate contact surface the same as bone
outer surface) or negligible deviations in geometry and shape, but as already stated that
was not a primary goal. Therefore, it can be concluded that in the current stage of the
research, both methods are applicable to adapt the PPI LCP plate model according to
the requirements of the clinical case concerning bone geometry and anatomy. The future
work should include one big improvement: the application of the parametric humerus
bone model, which may be used for the creation of a patient-specific bone model. This
addition to the method should provide complete and automatic adaptation of the contact
surface model to the bone. Thus, it will enable easy modification of the PPI LCP plate
model.
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Abstract. In recent years, many studies have focused on CAD/CAM systems
for the design and manufacture of orthopaedic corsets for scoliosis. The rapidly
growing field of 3D printing offers unique opportunities in biomedical applica-
tions, with benefits arising from the ability to customise the shape to the patient’s
body, and relatively low manufacturing costs. Currently, the goal is to minimise
corset design in terms of both mass and volume of material used, while maintain-
ing it’s full corrective functionality. In addition, attention is also paid to aesthetic
aspects. The use of 3D printing technologymakes possible to develop an individu-
ally adjusted, lighter andmore comfortable orthopaedic corset. This paper presents
the results of FEM structural analyses carried out for two types of corsets: a stan-
dard full structure and a corset with 3D grid pattern structure. The analysis is a
demonstration of the possibility of using pattern grid (many small holes) on the
surface of the corset. Additionally, the influence of forces generated by the tension
of fixing tapes on the corset model was examined.

Keywords: Brace · Scoliosis · Biomechanics · Finite element method analysis ·
3D printing · 3D grid pattern

1 Introduction

An important role in the stabilization of the spine, and therefore the entire human body,
is provided by an extensive ligamentous systemandmuscles. The function of ligaments is
to keep the vertebrae in an appropriate position, enabling their physiological movement,
which is safe for the spinal cord and nerves [10].

Scoliosis is a growth defect of the spine involving its deformation in three planes
(frontal, sagittal, lateral). Scoliosis evolves mainly in the upper back in the thoracic seg-
ment (thoracic scoliosis) or between the thoracic and lumbar segments (lumbar scoliosis)
[8, 12]. Idiopathic scoliosis is a three-dimensional spinal deformity (deformities occur
simultaneously in all planes) that is most commonly diagnosed in children aged 10 years
or older [5, 24]. The etiology of scoliosis development in many cases is unknown. Early
detection of the spinal deformitymakes it possible to prevent the progression of the defor-
mity. Idiopathic scoliosis tends to worsen in developmental age during rapid growth of
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the spine. The risk of increasing the torsion angle increases as the degree of loss of phys-
iological thoracic kyphosis increases [5, 12]. Therefore, early diagnosis of the disease
and appropriate prevention are very important.

The treatment of scoliosis involves physiotherapy and kinesiotherapy, the use of an
orthopedic corset and, in some cases, surgery. The treatment of idiopathic scoliosis with
the use of a corset is a conservative treatment, which consists in stopping the progression
of the curvature during the developmental period.

Treatment with an orthopedic corset is indicated for patients with an immature skele-
tal system,who have progression of torsion and have been diagnosedwith a torsion of the
spine with a Cobb angle of 25° [13]. On the other hand, contraindications for scoliosis
treatment with an orthopedic corset include torsion exceeding the Cobb angle of 40°,
pulmonary diseases, allergy to plastics, skin diseases in the back and trunk region [14].

The effectiveness of scoliosis treatment with an orthopedic corset depends on a num-
ber of factors, including [6, 7, 14]: correct manufacture and fit of the corset, compliance
with the doctor’s instructions on how to wear the corset, treatment carried out by a team
consisting of a doctor, an orthotics’ technician, a physiotherapist, and a psychologist,
attendance at periodic outpatient and radiological check-ups, achievement of an initial
torsion correction of approximately 50% from the initial value.

An orthopedic corset uses external forces designed to stretch, derotate and move
the trunk to reduce spinal deformity in all three planes: frontal, sagittal and transverse.
In some orthopedic corsets, cut-outs are used as pressure-relieving areas and, at the same
time, reduce the weight of the corset and allow control of the patient’s skin condition
[15, 16, 18]. The mechanisms of action of a corrective corset can be divided into passive
and active [15].

Various methods of manufacturing orthopedic corsets are currently in use, but with
the development of computer-aided design and manufacturing, conventional methods of
manufacturing orthopedic supplies are being replaced by CAD-CAM methods [22].

The procedure for making an orthopedic corset includes stages such as: consultation
with the patient - including a clinical examination; taking measurements; individual
measurement correction and corset design; fitting and acceptance of the final corset;
follow-up visits [19].

The use of CAD-CAM methods significantly increases the comfort and speed of
taking measurements for a corset for both the patient and the orthotics [22]. Currently,
the operation of a system for assisting in the design of orthopedic supplies is based on
three main elements [23]: digitization - 3D scanning; digital processing of the extracted
data in CAD software; manufacturing of the positive orthosis.

Currently, corset manufacturing techniques are based on the positive body form of
the patient. The corset structure is obtained by the thermoforming process [18, 22, 23].
Nevertheless, the manufacture of orthopedic corsets in the thermoforming process has
some limitations. It is not possible to precisely control the thickness of the corset, nor
is it possible to obtain complex textures and shapes, ensuring a high level of aesthetics,
functionality and comfort.

An alternative method of manufacturing orthopedic corsets is incremental manufac-
turing technology, i.e. 3D printing. Three-dimensional printing allows obtaining objects
with very complicated shapes, which would be difficult and very expensive to produce
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using another method. 3D printing using various methods [21, 23] significantly reduces
the time and cost of manufacturing and testing of various products.

3D printing makes it possible to develop and manufacture a lighter and more com-
fortable orthopedic corset by adjusting the wall thickness according to individual patient
features. The increased comfort in wearing the corset is due to the lighter weight,
the presence of more flexible zones and better ventilation, while maintaining the
corrective effect [9, 11, 25].

2 Orthopedic Corsets Manufactured with Standard and 3D
Printing Technology Used in the Treatment of Scoliosis

2.1 Examples of Corsets Manufactured Using Standard Technology

Orthopedic corrective corsets are used to treat lateral scoliosis of the spine. Currently,
there are several types of corsets on the market, the application of which determines the
type of torsion of the spine. Traditional corsets differ in the way they press on the spine
and the ribs to prevent curvature progression.

One of the first orthopedic corsets developed to treat scoliosis is the Milwaukee
corset [18]. The Milwaukee corset is used for the treatment of curvatures of the whole
length of the spine and when the correction of the thoracic and cervical spine is also
necessary. This corset belongs to both corrective and relieving group of corsets. The
spinal column is relieved by supporting the corset’s structure on hip plates and supporting
the mandible and occiput [13, 18]. Due to the impractical design of the corset and the
need for adjustment to the patient, it is currently used only occasionally.

The Boston corset is used in the case of lumbar and thoracic curvatures, i.e. in the
treatment of scoliosis with a curvature angle of 20–40°. The corset from the front covers
the area of the body below the breast up to the pelvis, while from the back it covers the
area below the shoulder blades to the tailbone [18]. The corrective effect is achieved by
using holes in the corset to relieve the trunk on the opposite side from the applied load.
The reduced dimensions of the corset improve the visual and cosmetic aspect and make
the therapy more discreet [13, 18]. The Boston corset enables both passive and active
correction. Thanks to this, it allows active work of muscles in the conditions of curvature
correction and in this way protects them from atrophy.

The Cheneau corset is used in the treatment of thoracolumbar curvatures and for
correcting vertebral rotation [13, 18]. The corset is recommended for patients when the
curvature angle of the spine (Cobb angle) reaches values within 20–45° and at lower
values when there is a significant progression of the curvature angle. The Cheneau corset
is mainly manufactured from a polypropylene plate, which is shaped on a plaster model
prepared from previously taken patient measurements. For Cheneau corset treatment to
be effective, it is necessary to wear it most of the day and all night. It is only removed
for corrective exercises, various hygienic activities and during other activities in which
the corset would restrict movement and thus endanger the patient’s safety [13, 18].

The PROVIDENCE corset is an orthosis designed for use at night when the patient
lies on their back. It is usually combined in treatmentwith theBoston corset. Theprinciple
of operation of a night corset is based on hypercorrection of the patient’s curvatures.
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The main difference in the mechanism of action of this type of corset is that one arm of
the corset is slightly raised. This results in the creation of lateral and rotational forces that
correct spinal torsion [26]. The CEAN corset belongs to the group of corsets used only
at night for the treatment of idiopathic scoliosis. It is manufactured from a thermoplastic
material. This type of corset is mainly used when there are torsions between T5 and L3
and when the scoliosis is C-shaped. It can be worn alone or in addition to a corset worn
during the day [26].

2.2 Examples of Corsets Manufactured Using 3D Printing Technology

The significant development of 3D printing during the last few years has resulted in the
increasing use of this technology in the manufacture of orthopedic supplies.

3D printed corsets can achieve the same level of success in treating scoliosis as
traditional corsets, while significantly improving wearing comfort.

The UNYQ Align corset is intended for the treatment of young idiopathic scoliosis
in patients whose torsion angle does not exceed 40°. The construction of the corset is
comfortable, light and breathable. These features are due to the use of 3D printing and
perforated structure [2, 29]. Intel Curie sensors were placed in the corset, informing
about how long the corset is worn by the patient. Additionally, the sensors monitor
pressure points to ensure the best possible fit and treatment. A mobile app downloads
the data from which adjustments to the design are made. This kind of connectivity helps
patients to document their wearing time and therapy progress [2]. The patterns found
on the corset allow ventilation of the skin, as well as giving it a fashionable appearance.
This significantly improves the comfort and willingness of the patient to wear the corset
[2, 29].

The Exos Armour corset has been developed to improve the quality of life of patients
with spinal curvature [1, 17]. The corset uses 3D scanning technology to develop a
perfectly fitting orthosis for the patient. Using the resulting model, it is possible to 3D
print custom orthopedic corsets with high accuracy [1, 17]. The principle of the corset
does not differ from the classic Cheneau andBoston corsets and themain advantage is the
reduction of the production timeof the corset from20days to 2–3 days, andmaximization
of the comfort of its wearing by the patient. The use of perforations makes it possible to
reduce the weight of the corset by approximately 30% compared to a traditional corset.

The corsets made by WASP Medical [27] are a modified version of the Cheneau
model. 3D printed corsets exclude the use of plaster moulds due to rapid CAD/CAM
scanning and modeling. The use of these processes significantly reduces the cost of the
orthosis and also ensures rapid delivery to the patient. The manufacturing process for
this corset has been reduced, the complete preparation of the polypropylene corset takes
ca. 30 h. This corset is characterized by a more anatomical shape than traditional corsets.
This makes it more comfortable for the patient, so that the patient can wear it for a long
period of time without feeling any discomfort.

3 Research Problem

The existing solutions of corsetsmade in standard technologiesmost often no longermeet
contemporary requirements, both inmedical and technological terms. The increased time
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needed to prepare a corset, the higher weight, as well as the lower degree of individual
adjustment to the patient, result in reduced comfort and a longer treatment time [1,
13, 18, 26]. Corsets made with 3D printing technology have great potential, but the
knowledge of their optimal shaping, adjusted to the type of scoliosis as well as personal
needs of the patient, is still insufficient [3, 4]. This is particularly important in the aspect
of making special 3D grid pattern structures (perforation) on the corset surface. These
constructions allow the corset to be lighter, while at the same time ensuring adequate
strength through optimal positioning. An additional advantage of the 3D grid pattern
is the improved ventilation of the patient’s skin, as well as the possibility of installing
additional sensors [30]. Moreover, it is possible to manipulate the stiffness of the corset
by appropriate shaping of the perforation shape and size, as well as their distribution
(density of distribution of the set of holes). A new aspect thatmay be interested in the near
future is the possibility to 3D print using different materials (filaments) with different
mechanical properties, e.g. a material with higher stiffness or with increased flexibility.

Authors present a concept of an orthopedic corset made in 3D printing technology
with the use of grid pattern structures (perforation).Moreover, the shape of the corset was
adjusted with its usable parameters to individual anthropometric features of the patient.
The aim of the conducted FEM analyses was to compare two corsets with a full-volume
structure and with a 3D grid pattern structure. In addition, the effect of forces generated
by the loads of the fixing straps on the corset was examined.

3.1 Preparation of 3D ComputerModel of Corset with 3DGrid Pattern Structure

Designing a corset individually adjusted to the patient should begin with taking a 3D
scan of the patient’s body. On the basis of 3D scan and additional measurements, it is
possible to obtain a model of the patient’s body with appropriately assigned correction
of body position. The patient model thus obtained is the starting surface for the creation
of the orthopedic corset model in the CAD-CAM system (Fig. 1).

The torso model of the patient with spinal curvature was used to create the corset
surface model (Fig. 1b). The corset design was made in Blender. The next step was to
convert the STL model into an IGS file format. The converted file was processed in
Inventor, where further operations were performed. Figure 1(c) shows the corset model
with rectangular holes for fastening straps.

Fig. 1. Steps in modeling an orthopedic corset: (a) 3D scan of a patient showing curvature of the
thoracic spine, (b) patient model with outlined corset area, (c) CAD model of corset (standard
version with full structure) in Inventor software with places for fastening straps.
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Creating a 3D grid pattern (perforation) on a surface model is possible in programs
as Blender or Autodesk Meshmixer. These programs allow to obtain various types of
3D grid pattern structures (Fig. 2). The size of “holes” and their distribution is strongly
dependent on the model grid. The use of this type of operation entails significant limi-
tations. The whole surface of the corset is modified, without the possibility of limiting
it to selected zones. When the perforation structure occupies the entire surface, it could
significantly weaken the corset structure in terms of strength. For these reasons, it was
finally decided to make the 3D grid pattern structure in Inventor.

Fig. 2. Examples of 3D grid pattern holes structures created in Blender (a, b) and Autodesk
Meshmixer (c) software.

In order to make the grid pattern, 3D sketches were developed, which were then
projected onto the surface of the corset model. A triangle was chosen as the base element
of the grid pattern structure. Next, on the basis of the sketches, a set of “holes” weremade
(3D grid pattern). In the last stage of work on the structure, the edges of the perforation
were rounded (Fig. 3).

Fig. 3. CAD model of a corset with 3D grid pattern made in Autodesk Inventor: (a) 3D model of
corset, (b) visualization of corset on patient’s body model.

The preliminary design of the corset was based on the Rigo classification [20, 28]
and a review of possible solutions. The Rigo classification describes spinal curvatures
radiologically and clinically, and thus allows the shape of the corset to be adjusted to
the individual patient [20, 28].

3.2 Preparation of Numerical Analysis of the Designed Corset – FEM

Due to the preliminary character of the research presented in this paper, the numer-
ical analysis was carried out in the SolidWorks Simulation program. Two models of
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corset were prepared for analysis: Type 1 - a corset with a full structure and Type 2 -
a corset with an applied 3D grid pattern. The purpose of using two types of models is
to enable comparison of changes in strength properties of corset elements depending on
the structure. A static testing will be chosen as the type of FEM analysis.

During the design of an orthopedic corset, it is very important to choose a material
of sufficiently high strength so that the corset is not damaged and does not lose its
corrective functions. In addition, some of the main requirements for a corset are that it
be lightweight and waterproof.

As the corset is made using 3D printing technology, the materials considered for
analysis were polylactic acid (PLA), ABS and polypropylene (PP). Finally, PLA was
chosen for analysis in SolidWorks Simulation because it is a biodegradable polymer
made from natural raw materials. After use, the material undergoes hydrolytic or bio-
logical degradation. Products made from this material have a smooth and glossy surface
and, importantly, are easy to maintain, sterile and resistant to cleaning detergents and
disinfectants [22]. Table 1 shows the mechanical properties of isotropic ABS, PP and
PLA materials.

Table 1. Mechanical properties of PLA material used in the orthopedic corset.

Mechanical property PLA

Young’s Modulus [MPa] 3500

Yield Strength [MPa] 50

Poisson’s ratio [-] 0.36

Density [ g
cm3 ] 1.25

In the next step, a finite element mesh was generated for the Type 1 corset in the
high quality mesh had approximately 31k elements. The complex design of the corset
Type 2 corset - with 3D grid pattern, generated numerous problems when creating the
finite element mesh. For this purpose, the high quality mesh with the smallest element
size was used. The total number of elements was over 44k elements.

The purpose of orthopedic corsets is to precisely place appropriate pressures and
corrective forces on specific areas tominimize the progression of spinal curvature. Proper
assessment of the pressures generated by corsets is an important factor in the effectiveness
of treatment. In order to reproduce as real as possible the conditions between the corset
and the torso, pressure fieldswere created on the inner surface of the corset. This pressure
is the result of interaction between the inner walls of the corset and the human body.

The pressure fields and pressure values were developed on the basis of available
literature [3, 4], in which simulations analyzing the effect of applied pressure on cur-
vature correction were performed. Figure 4 presents a visualization of the external load
boundary conditions, defined as pressure fields on the internal surface of the corset.
The same pressure fields were used in simulations for both types of corsets.
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Fig. 4. Boundary conditions – external loads defined as pressure fields on the internal surface of
the corset

In addition, the effect of strap tension on the resulting corset stress will be tested in
simulations. The strap tension is not clearly defined, it is individually selected to suit the
treatment of the individual patient (Fig. 5a).

For the numerical analyses, the corset models were fixed on the left side of the corset
at the walls of the holes through which the fastening straps pass (Fig. 5b). In the next
step, the forces acting in the horizontal direction were defined, reflecting the forces from
the fixing straps. These forces were applied on the walls of the strap holes (Fig. 5c).
A range of values from 20 N to 60 N has been identified as optimal in the literature [20,
28].

Fig. 5. Boundary conditions: (a) distribution of loading forces and pressure-relieving zones on
the orthopedic corset, (b) 3D model fixing surfaces (marked in blue), (c) the points of application
of the forces generated by the fastening straps.
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4 Results of FEM Analysis of the 3D Printed Corset with Full
Structure and 3D Grid Pattern Structure

4.1 Results of FEM Simulations for a 3D Printed Standard Corset Model
with Full Structure

The first set of analyses were carried out for a standard orthopedic corset model made as
a full structure. For the corset model, 4 simulations were performed assuming different
tension values for the straps. In Simulations 1, 2, 3 the tension of the straps was defined
as 20 N, 40 N, 60 N (equal values for the upper and lower strap), while in Simulation 4
the tension of the upper strap was defined as 60 N and the tension of the lower strap as
20 N.

The results of the FEM analyses in the form of stresses according to the von Misses
hypothesis and displacement values are presented in Table 2 and Fig. 6.

Table 2. The results of the FEM analysis for the standard corset model with full structure.

Tension forces on fixing
straps

Max stresses von Misses
[MPa]

Max displacements [mm]

Simulation 1 20 N (both straps) 34.4 78.1

Simulation 2 40 N (both straps) 35.4 53.4

Simulation 3 60 N (both straps) 41.4 88.2

Simulation 4 60 N upper strap
20 N bottom strap

31.2 44.3

In the case of Simulation 1, the reduced von Misses stresses predominate mainly
at the front of the corset and in the vicinity of the relieving area, with values oscillating
around 24 MPa. The maximum stress value occurs at the edge of the relief hole in the
corset and reaches 34.4 MPa, not exceeding the PLA material strength of 50 MPa.

For Simulation 2, stress areas reaching values close to 24.7 MPa are mainly found in
the area of the stress relief hole and the lower corset hole. A significant difference from
Simulation 1 can be seen in the distribution and value of stresses in the front part of the
corset. The highest stress is located in the corner of the lower strap hole on the inside of
the corset and its value was 35.4 MPa.

In the case of Simulation 3, the stress distribution is very similar to previous Simu-
lations 1 and 2, with a maximum stress value of 41.4 N. The stress values at the front of
the corset to reach values in the range of 20–24 MPa.

InSimulation4, themaximumstresswas 31.2MPa.This is the lowest value compared
to the maximum stresses obtained for Simulations 1, 2 and 3. The stress distribution is
comparable to the stress distributions obtained for tension forces of 20 N, 40 N and
60 N. In the case of Simulation 4, the stress accumulation is located around the relieving
area and near the lower clamp hole. The stresses in these areas can reach values close to
21 MPa.
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Fig. 6. Visualization of reduced stresses according to the Misses-Huber hypothesis and displace-
ments for a standard corset with full structure – values in MPa and mm.

The maximum displacements for tensile strap forces of Simulation 1 (20 N), Simu-
lation 2 (40 N) and Simulation 3 (60 N) were 78 mm, 53 mm and 88 mm. The lowest
displacement occurs when a tension force of 40 N is applied (Simulation 2). Analyzing
the results obtained, there is considerable variation in the location of the areas of the
greatest displacement. The most desirable arrangement is a uniform and symmetrical
distribution of displacements, which is observed for Simulation 2 (40 N force on the
strap). For Simulations 1 and 2, it is apparent that the largest displacements occur at
the top of the corset for a tension force of 20 N, while for a force of 60 N the largest
displacements occur at the bottom of the corset. For Simulation 4, the maximum dis-
placement was approximately 44.3 mm. The largest displacement can be observed in
the lateral part of the corset in the direction opposite to the force.

4.2 Results of FEM Simulations for a 3D Printed Corset Model with 3D Grid
Pattern Structure

A second set of analyses were carried out for an orthopedic corset model made with 3D
grid structure, similar to the previous corset model. In Simulations 1’, 2’, 3’ the tension
of the straps was defined as 20 N, 40 N, 60 N (equal values for the upper and lower
strap), while in Simulation 4 the tension of the upper strap was defined as 40N and the
tension of the lower strap as 20 N.

The results of the FEM analyses in the form of stresses according to the von Misses
hypothesis and displacement values are presented in Table 3 and Fig. 7.
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Table 3. The results of the FEM analysis for the corset model with 3D pattern structure.

Tension forces
on fixing straps

Max stresses
von Misses [MPa]

Max displacements [mm]

Simulation 1’ 20 N (both straps) 30.2 75

Simulation 2’ 40 N (both straps) 33.4 95

Simulation 3’ 60 N (both straps) 35.6 156

Simulation 4’ 40 N upper strap
20 N bottom strap

31.7 47.6

Analyzing the stress distribution for Simulation 1’, there are several dominant areas
where stresses can reach values of up to 30 MPa. The stresses accumulate in the anterior
part of the corset on the left side and in the area of the relieving area.

In the next analysis, Simulation 2’, the maximum stress occurs locally in the area of
the lower band hole, near the model restraint. The stresses at these locations can reach
values in the range of approximately 20 to 30MPa.When comparing the results obtained
for Simulation 1’ and 2’, it can be seen that in the case of the second one, the stress
distribution in the front part has changed. On the left side, the stresses reach lower values
than in the previous analysis.

The next results concern Simulation 3’ in the front part of the corset, areas of stress
accumulation are very visible. These can reach values in the range from 20 MPa to even
35 MPa. The analysis indicates areas especially exposed to damage under the influence
of the tension of the fastening straps, and one of them is the area of constriction in the
abdominal region.

The stress distribution in Simulation 4’ is very uniform. The stresses mainly accu-
mulate around the relief area and the holes made for the fixing straps. It should be noted
that the stress distribution is more positive when two different forces are applied to the
fixing straps (Simulation 4’) with values of 20 N and 40 N. There are no areas of high
stress accumulation and the stresses occurring in the corset reach safe values.

For each of the load cases of Simulations 1’, 2’ and 3’, analyses of the distribution
of the reduced displacements were carried out. The maximum displacements reached
the values: 75 mm (Simulation 1’), 95 mm (Simulation 2’), 156 mm (Simulation 3’)
and they have a very similar pattern to the displacements obtained for the traditional
corset (Simulations 1, 2 and 3). The largest displacements for the 20 N tension force
(Simulation 1’) are located in the upper left part of the corset from the fastening side
(back). However, for the other two forces, 40 N (Simulation 2’) and 60 N (Simulation
3’), the displacements with the largest values are located in the lower left part of the
corset on the fastening (back) side. The displacement results obtained for Simulation 4’
were also analyzed. The maximum displacement was 47.6 mm.

Analyzing the results of the simulations performed, it can be concluded that the use
of different values of tension forces (upper and lower straps) can have a beneficial effect
on obtaining a uniform distribution of forces on the corset, and thus also on the patient’s
body. The correct choice of strap tension force therefore has a significant effect on the
corrective values of the corset, as it allows the corrective forces to be regulated.
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Fig. 7. Visualization of reduced stresses according to the Misses-Huber hypothesis and displace-
ments for a corset with 3D pattern structure – values in MPa and mm.

5 Discussion

The FEM simulations carried out for two types of the corset make it possible to inves-
tigate the influence of the applied perforation on the change of loads occurring in the
structure. The values of stresses occurring in the corset are very similar for both solutions.
The maximum stresses occur locally and their location varies depending on the tension
force of the straps used for testing. In the case of the corset with the perforated structure,
the maximum stresses are significantly higher than the values obtained for the traditional
corset. These stresses occur around the sharp edges of the holes, which may be due to
the presence of a notch formed by the sharp corner of a triangular cell or an error in
the FEM mesh. As these stresses occur at single nodes of the mesh, they do not have a
significant effect on the strength of the entire corset structure.

The analysis of displacement visualization showed that in the case of applying equal
strap tension forces both in the upper and lower part of the corset’s fastening, undesired
asymmetrical displacements may appear.When a tension force of 20 N is applied in both
analyzed corsets (Simulation 1 and 1’), the structure “opens” - in these cases the tension
force of the fixing straps is too low. The results of displacement analysis for the standard
corset with the tension force of 60 N (Simulation 3) do not exceed 90 mm. A similar
displacement value was obtained for the corset with 3D grid pattern (Simulation 3’)
using a lower tension force of 40 N. Accordingly, for a tension force of 60 N, the corset
with 3D grid pattern structure (Simulation No. 3’) obtained maximum displacements
almost twice as high (156 mm) compared to the displacements in the traditional corset
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(Simulation 3). The reason for this phenomenon may be that the total internal surface
area of the corset with the cellular structure, on which the pressure forces coming from
the body act, is smaller than that of the traditional corset. This is due to the presence of
numerous holes in the surface of the corset.

6 Conclusions

Acharacteristic feature of 3D printed corsets is the ability tomake a 3d grid pattern struc-
ture. Making this type of hole structure is much simpler using additive techniques than
during, e.g. thermoforming. Moreover, with 3D printing it is possible to obtain complex
shapes of the corset, which is often impossible to obtain with traditional manufacturing
techniques. A very important issue is the proper design of the structure of cutouts (3D
grid pattern), especially as regards the shape, size of elements and their distribution
among each other. The analyses carried out indicate places which may be especially
exposed to stresses under cyclical loads. Moreover, the corset is subjected to signifi-
cantly different forces during putting on and taking off than during use. The numerical
simulations carried out give a rather limited view of the real conditions occurring during
24-h use of the corset.

The obtained results of the analysis are illustrative and basic. Further work should
be considered to determine the most suitable boundary conditions as well as material
conditions (use of anisotropic material model better reflecting the properties of the 3D
printed material). The quality of printed parts and their mechanical properties depend on
the parameters of the manufacturing process like infill density, extrusion temperature or
layer thickness. The conducted analysis did not take into account the characteristics of the
material, which are influenced by the parameters of the manufacturing process. Further
research should consider influence of manufacturing method and process parameters on
obtained mechanical properties of the orthosis.

Moreover, additional research would have to be conducted on the optimization of
the designed corset structure - in particular, the search for the optimal shape of 3D grid
pattern and their distribution on the corset. The above-mentioned potential directions of
further research on the structure of a corset with a 3D grid pattern do not cover all the
possibilities of analyses towhich such a corset should be subjected, but only show certain
directions. These analyses would certainly provide many important results influencing
the overall development of the design shape in search of the final and most optimal
solution for the orthopedic corset.
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Abstract. This paper presents an analysis of the mechanical properties of the
novel device, which is used in the treatment of neuropathy. According to the
human anatomy, a model of this device was designed taking into account the
characteristic dimensions. The survey was conducted using Solid Works. The
results of the conducted research provide information about the structural strength
of the device under a given load. The values of stresses and displacements were
determined by finite element simulation.

Keywords: Neuropathy · Finite element method · Rehabilitation device

1 Introduction

Transmission of nerve impulses to individual organs is carried out by nerve fibers of the
peripheral nervous system. However, these fibers can be damaged by mechanical means
or by chronic disease. The phenomenon of nerve fiber damage is called neuropathy.
This disorder can affect only one fiber - this is mononeuropathy or multiple fibers –
polyneuropathy. Some of the most common symptoms that patients present to the doctor
with are muscle weakness, sensory disturbances, and sweating disorders. There are also
changes visible on the skin [1–3].

Both the patient and the doctor must decide which neuropathy treatment will be most
appropriate for the condition. The solution may be not only pharmacotherapy but also
kinesitherapy. Most often, both types of therapy are used simultaneously.

Rehabilitation equipment available in the market can be either portable or stationary.
They help in achieving maximum stability in the joints as well as strengthening the
damaged ligaments and tendons.With these solutions, restoring the proper biomechanics
of damaged joints is faster and more effective. A small group of equipment is used for
the rehabilitation of patients with nervous system disorders. Rehabilitation devices may
be equipped with a motor, but it is not necessary. Some of them require the activity and
involvement of the patient, and in working with some of them the patient does not have
to make any special movements, but only adopts a proper position [4].

For example, rehabilitation of the ankle joint can involve a robot that works using the
Stewart platform principle. It is a parallel mechanism. The robot has 2 platforms, one of
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which ismovable and the other is fixed. Themoving one is a three-link serial manipulator
with three rotational DOFs. Equipped with rotary encoders, it is possible to measure
real-time angles of motion at the ankle joint, record torques and other human-robot
interactions [5].

Electrotherapy has become popular in the treatment of neuropathy. Electrical stim-
ulation (TENS) triggers the local release of neurotransmitters such as serotonin and
relieves pain in the patient’s limb. This method works well for diabetic neuropathy [6].

Unfortunately, there is still a lack of rehabilitation equipment to assist in the treatment
of the other neuropathy types. A solution is needed to replace the physical therapist in
manual therapy. The patient should be able to safely use such a device in their home
because in many cases they need to be accompanied by a caregiver [7].

This paper presents the concept of a device that could be used during the rehabilitation
of patients suffering from different types of neuropathy, regardless of the nature of
their origin. Thanks to this device it will be possible to reduce the necessity of active
participation of physiotherapists in treatments. Additionally, the patients will be able
to have the device at their residence, making it easier for their family to care for them.
This is important because patients with balance disorders are not able to get to a specific
rehabilitation center on their own, and many people cannot afford frequent home visits
from a specialist. The device could also be used in physiotherapy offices or rehabilitation
centers. This will allow the doctor or physiotherapist to see more patients at the same
time.

Fig. 1. A wooden foot massage roller that requires patient or physical therapist involvement.

The device that inspired the design presented in this article is a wooden structure
without a drive (Fig. 1). The wooden foot massager affects the reflexes that are located
on the feet, so it improves the condition of the body to a great extent. The movable rolls
gently massage the whole foot, thus inducing a state of relaxation and providing relief
from neuropathy. The therapy affects vasodilation, metabolism, physical and mental
performance. The device should be placed on a stable surface. Place your feet on the
massager, press your feet against the toothed wheels with moderate force while making
a reciprocating motion. The disadvantage of this device is that the patient or physical
therapistmust be involved in the therapy.Thepatientmust perform forward andbackward
movements using the other joints of the lower limb. Sometimes these joints are weak or
damaged and a massage using this massager may be unpleasant or cause additional pain
to such a patient. The device described herein could be improved by using an actuator
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to make the rollers move automatically. Additionally, the rollers could be arranged in
planes parallel to each other and alternately apply pressure to different portions of the
foot.

Asmentioned above, the use of robots is possible in the rehabilitation of patients with
musculoskeletal andnervous systemdisorders.Mechanical properties of such and similar
devices (surgical robots, prostheses) are initially evaluated by performing simulations
using the finite element method. In the program in which the simulations are performed,
a tetrahedral finite element mesh is generated and the values of stresses, displacements,
and strains are then determined. In addition, it is possible to perform simulations in the
field of dynamics, such as natural frequency studies. In the paper [8] the authors have
examined the natural frequency and mode shapes of the arm and the working tip of the
da Vinci robot. An increase in vibration amplitude can cause the tool to move on the
wrong track. This is detrimental to the health of the patient and the operation of the
device. Based on the conducted tests it was determined for which natural frequencies
the values of these amplitudes increase.

The model illustrating the principle of operation of the above-mentioned device
for neuropathy’s treatment (see Fig. 2) was created with the use of the Solid Works
program. Finite element simulations were then performed using a linear elasticity theory
to determine the stresses and displacements that would occur under the given loads
occurring with the use of the device.

2 Neuropathy

Neuropathy is defined as the presence of subjective or clinical features of peripheral
nervous system damage occurring in the course of various illnesses. The most common
neuropathy occurs as a consequence of diabetes, but this ailment is also observed for
example as a complication after chemotherapy. Analyzing the symptoms and complaints
reported by patients, it can be noted that the disease hurts the nervous system, both in
sensory, motor, and autonomic aspects. Sensory symptoms include pain, paresthesia, and
a feeling of numbness, night falls, unsteady gait, while motor symptoms include muscle
weakness, muscle atrophy, balance disorders, and ataxic gait. Initially, the nerve fibers
with the longest axons, located in the lower extremities, are damaged. The patient per-
ceives a sensory disturbance that is referred to as the “sock effect”. When the neuropathy
spreads, sensory disturbances are also observed in the upper extremities [3].

The reasons for neuropathy are diversified and depend on the condition that causes
the ailment. For example, diabetic neuropathy is the result of a deficiency in metabolic
products necessary for nerve cell function, and the neuropathy after chemotherapy results
from damage to nerve fiber axons by cytostatics [3, 7].

There are many pharmacological approaches to treat or prevent neuropathy. Some
medications, however, adversely affect the treatment process for the patient’s chronic
disease of which neuropathy is a consequence. In addition to pharmacological methods,
patients may be treated with kinesitherapy. It is also safe for cancer patients. However,
this therapy requires constant supervision by a physiotherapist in most cases due to the
possibility of the patient losing balance due to sensory disturbances. Rehabilitation of
people with peripheral nerve injuries is a process that takes time. The patient must also
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demonstrate a high level of commitment. Thanks to the therapy, the regeneration process
of the nerve may be accelerated. It is also very important to prevent muscle atrophy and
recurrent spasms. Appropriately started rehabilitation allows to maintain the full range
of motion as much as possible and to avoid the fixation of abnormal movement patterns.
For patients who do not have oncological disease, heat therapy treatments such asmuscle
electrostimulation, lignocaine iontophoresis can be used. This helps regenerate damaged
nerve fibers. Additionally, cathodic and anodic galvanization, short-wave diathermy, or
infrared radiation are used to stimulate fiber growth. For cancer patients, only manual
therapy is used, such as massage, active and passive exercises, and lymphatic drainage
[7].

3 Construction of the Novel Medical Device

The designed device has a massager function. In Fig. 2, an illustrative model of a device
for rehabilitation of patients suffering from neuropathy is presented. Its mainmechanism
consists of five components. One component consists of a roll, a driveshaft, 2 bearings,
and 2 supports. A geared motor is located at the rear of the device to provide the drive
source. The proposed motor is a 25D × 48L HP 4. 4:1 6 V 2220 RPM model - Pololu
1570. The power transmission is realized by using spur gears.

Fig. 2. The illustrative model of a novel medical device for neuropathy’s rehabilitation.

The idea of the mechanism used resembles the principle of operation of an eccentric.
The value of eccentricitywas not consultedwith health care professionals andwas chosen
proportionally to the dimensions of the construct in the test model. However, it may in
the future depend on the patient’s impressions of the pressure of the roller against his
foot. The rolls are mounted eccentrically on the driveshaft. This allows not only to rotate
the roll but also to move the selected point on its perimeter up and down. It is very
important to ensure the correct initial position of the roll concerning the driveshaft. The
first, third, and fifth driveshaft should be situated above the roll’s axis. In the case of
the other driveshafts, the situation is the opposite. After the device has been started, this
construction can create a motion effect that resembles a “wave flow”.
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The basic dimensions of the device are presented in Fig. 3. The base of the device
shall be provided with a non-slip pad. Due to the need for direct contact between the
patient’s foot and the roller surface, sterilization will be required. In order not to expose
the rolls to wear and tear and the need for later replacement, it is planned to use a silicone
layer, located in the hole in the upper part of the housing.

Fig. 3. Basic dimensions (unit: mm) of the novel medical device for neuropathy’s rehabilitation.

The recommended patient position by using the device is sitting. The patient should
place the foot on the surface of the silicone layer at the height where the rolls are located.
Before activating the device, the patient or caregiver will be able to select the duration of
the rehabilitation. The possibilities are 10 min, 15 min, or 20 min. The speed of rotation
of the rollers will be a constant quantity.

With therapy from this device, the patient should feel less numbness, their feet should
have more blood supply. The patient should also feel pain relief and relaxation.

4 Simulation of Mechanical Properties

4.1 Boundary Conditions and Materials Parameters

It is assumed that the patient will use the device for its intended purpose, following
the instructions and recommendations of the medical professional. The moment when
pressure is exerted by the patient’s foot on all rolls was chosen. As a simplification, it
was assumed that the load distribution would be uniform across all rolls. The patient’s
weight was assumed to be 150 [kg] and the selected load value per 5 components was
the load corresponding to half the body weight. As calculated, this load has a value of
735,75 [N].

The study involved both the entire device and a single component consisting of a
roll, a shaft, two bearings, a gear, and two supports. The first simulation was performed
for the entire device (5 components).
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Table 1 contains the materials proposed for the selected part of the device and
Table 2 presents the properties of those materials. Properties of materials were taken
from the library of the Solid Works program. The value of yield strength of ABS was
taken from the external source.

Table 1. The materials for the selected part of the device.

Part’s name Material

Housing Aluminum alloy 1060

Roll ABS

Driveshaft Chromium-plated stainless steel

Bearing Steel 1.2311 (40CrMnMo7)

Support Aluminum alloy 3003-H14

Table 2. Properties of materials used in the device model.

Unit Aluminum
alloy 1060

ABS Chromium-plated
stainless steel

Steel
1.2311

Aluminum
alloy
3003-H14

Density [kg/m3] 2700 1020 7800 7800 2730

Young’s
modulus

[N/mm2] 69000 2000 200000 205000 69000

Poisson’s
ratio

[−] 0,33 0,394 0,28 0,28 0,33

Yield
strength

[N/mm2] 27,5742 30 172,339 821 145

Ultimate
tensile
strength

[N/mm2] 68,9356 30 413,613 992 150

In the first simulation, the device’s base was chosen as the constraint (Fig. 4). The
load was applied to the outer surfaces of the rolls (perpendicular to the roll’s axis), which
is in contact with the patient’s foot through a silicone layer. In the second simulation,
the load’s distribution is similar to the previous simulation. As the constraint, there were
chosen lower surfaces of the supports.

4.2 Governing Equations of Linear Elasticity

Hooke’s law for linear elasticity [9] is usually written like:

S = C : ε, (1)
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Fig. 4. The distribution of the loads and constraints in: A) the entire device, B) the single
component.

where the stress tensor S and the strssain tensor ε are second-order tensors, while the
constitutive tensor C is a fourth-order tensor. In a notation where the indices are shown,
the same equation would read

Sij = Cijkl : εkl, (2)

where the Einstein summation convention has been used.
In the case of the isotropic material the elasticity matrix becomes

C = E

(1 + ν)(1 − 2ν)

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 − ν ν

ν 1 − ν

ν 0
ν 0

0 0
0 0

ν ν

0 0
1 − ν 0
0 1−2ν

2

0 0
0 0

0 0
0 0

0 0
0 0

1−2ν
2 0
0 1−2ν

2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(3)

The equilibrium equation expressed in stresses is

−∇ · S = F, (4)

where F denotes the volume forces (body forces). The equilibrium equation with zero
body forces expressed in stresses for 3D (six equations and six unknowns Sij) is

−∇ · S = 0. (5)

Substituting the stress-strain and strain-displacement relationship for linear elastic mate-
rial in the above equation results in Navier’s equation expressed in displacements
formulation (three equations and three unknowns ui)

−
(
μ∇2u + (λ + μ)∇∇ · u

)
= 0, (6)

whereλ andμ areLaméparameters and can be expressed in terms of two elastic constants
a λ = Eν

(1+ν)(1−2ν)
and μ = E

2(1+ν)
, where E is Young’s modulus and ν is the Poisson’s

ratio.
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4.3 Numerical Results

Both of the aforementioned simulations (Fig. 4) were initially performed using a finite
element method [10] with an automatically generated grid (Fig. 5).

There were created the finest grids, as was possible. Due to the thin walls of the
device, only a single component was analyzed with coarse mesh.

Table 3 contains the parameters of grids by type of simulation (Fig. 5). FEM was
used to solve the linear elastic problem described by Navier’s equation.

Table 3. The parameters of automatically generated grids (fine-grid meshes).

Simulation Nodes [−] Elements [−]

Entire device 148963 81614

Single component 87959 55773

The first simulation is more illustrative. It allows observing in which elements of the
structure the highest stresses and displacements can be expected to be concentrated. The
values of obtained stresses are in this case lower or close to the yield strength values. It
is worth noting that the structure is most vulnerable in the middle part of the roll and the
shaft, as well as in the places where the shaft is connected to the supports.

In the second, more accurate simulation, the highest stress value does not exceed
the accepted yield stress values. It can therefore be concluded that none of the parts
is particularly vulnerable to fracture damage. The displacement values obtained are
relatively small and do not exceed the geometric dimensions of the part. Plots showing
the stresses and displacements in the various elements of the device are presented in
Figs. 6, 7, 8, and 9.

Table 4 contains the numerical results (maximum von Mises stress and maximum
displacement) of two performed simulations.

Table 4. The numerical results of the simulations.

Entire device Single component

Load [N] 735,75 147,15

Max. stress von Mises [MPa] 30,46 16,51

Max. displacement [mm] 3,859 · 10−2 1,41 · 10−2
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Fig. 5. The automatically generated grids (fine-grained meshes): A) the entire device, B) the
single component.
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Fig. 6. Von Mises stresses [N/m2] in the entire device.

Fig. 7. Von Mises stresses [N/m2] in the single component.
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Fig. 8. Displacements [mm] in the entire device.

Fig. 9. Displacements [mm] in the single component.
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5 Conclusions

Neuropathy is a consequence of many diseases and injuries. A sense of independence
increases each patient’s psychological comfort in the treatment process. Thanks to the
designeddevice, the patient andhis familywill gain the possibility of home rehabilitation,
without the need for frequent visits to the specialist. Taking into account the results
obtained in each simulation, it can be concluded that the device can function safely and
efficiently under the influence of the applied loads. For finite element simulations, the
rolls were designed to have a smooth surface. Overly complex shapes could prevent the
mesh from being generated correctly. The greater the surface irregularity would be, the
more effective the massage of the neuropathy patient’s foot would be.
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8. Geda, H., Kuliberda, A., Stręk, T.: Finite element analysis of natural frequencies and mode
shapes of the da Vinci medical robot arm. Vibrat. Phys. Syst. 31(2), 2020205 (2020)

9. Bower, A.F.: Applied Mechanics of Solids, CRC Press, Taylor & Francis Group, Boca Raton
(2010)

10. Zienkiewicz, O.C., Taylor, R.L.: The Finite Element Method. Butterworth-Heinemann,
Oxford (2000)



Product-Service System for the Pharmaceutical
Industry - A New Opportunity for Machine

Manufacturers

Mariusz Salwin1(B) , Andrzej Kraslawski2 , Michał Andrzejewski2,3,
and Jan Lipiak4

1 Faculty of Mechanical and Industrial Engineering, Warsaw University of Technology,
85 Narbutta Street, 02-524 Warsaw, Poland

mariusz.salwin@onet.pl
2 School of Engineering Science, Lappeenranta University of Technology, P.O. Box 20,

53581 Lappeenranta, Finland
3 Kalmar-Pac, 38 Oksywska Street, 01-694 Warsaw, Poland

4 Etigraf Printing House, 52 Głowackiego Street, 05-071 Sulejówek, Poland

Abstract. Nowadays, special attention is paid to developing new solutions and
applying them to sectors of the economy that can ensure the fastest develop-
ment and security. Product-Service System (PSS) is commonly understood as an
innovative solution distinguishing enterprises from the competition and support-
ing environmental protection. Designing new PSS for new industries is a very
important area of PSS research and development. Industrial practice and literature
analysis do not provide examples of the use of PSS in the pharmaceutical industry.
The aim of the article is to design a conceptual PSS for the pharmaceutical sector.
The example presented in the article was developed at an industrial workshop
that took place during the sale of a pharmaceutical machine. When creating PSS,
the authors relied, on the one hand, on the capabilities of the company selling
machines and providing their service, and on the other hand, on the wishes, needs
and problems of the user of these machines. The developed PSS provides the phar-
maceutical company with a wide range of services in response to its requirements.
The research carried out in the form of workshops draw attention to issues impor-
tant for the pharmaceutical industry and provide guidance for manufacturers and
suppliers of machinery and equipment used in this area.

Keywords: Product-Service System (PSS) · Pharmaceutical industry ·
Pharmaceutical machine

1 Introduction

In the last thirty years, production enterprises have been rebuilding their offers in order to
gain a competitive advantage [1, 2]. Producers go on a servitization journey,moving away
from selling the products themselves to providing customers with an integrated mixture
of products and services [3, 4]. An important component of servitization is Product-
Service Systems (PSS) [5]. It is an innovative solution that constitutes a new market
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proposition, which, thanks to the inclusion of additional services in the offer, extends
the functionality of the product [6, 7]. PSS-based solutions significantly increase the
value for the user and are more attractive to them. One of the essential features of PSS is
the unique adaptation of solutions to the ever-changing and more sophisticated needs of
the client. By using PSS, traditional manufacturing companies distinguish themselves
from their competitors [8, 9].

PSS design activities face various challenges. One of such challenges is the high
personalization of solutions, which is a response to specific wishes, needs and problems
of the client [10, 11]. This means that customers expect to meet their expectations and
help build their own PSS vision. In developing personalized solutions, the manufacturer
is to be a helpful partner that accurately records and analyzes all customer requirements
[12–14]. Meeting customer requirements will allow for the development of a successful
PSS. This guarantees higher revenues for the producer and enables building lasting rela-
tionships with customers. A well-designed PSS reduces the consumption of materials
and electricity, which makes it environmentally friendly [15, 16]. The ability of enter-
prises to design and implement successful PSS is recognized as a key success factor.
Therefore, an important area of research on PSS is design [17, 18].

The pharmaceutical sector is the characteristic branch of the economy [19, 20]. It
is responsible for the drug safety of individual countries. It includes the development
and production of medical products, devices, machines and format parts as well as raw
materials andmaterials used in production. It is governed by a number of legal regulations
and safety standards to which all parts of the supply chain and production processes are
subject [21–23]. The sector is characterized by innovation and high research expenditure.
In the time of the COVID-19 pandemic, the pharmaceutical sector is of key importance
to the economy. The research and development of a vaccine or cure for coronavirus is a
test for the industry. The crisis triggered by the pandemic shows that the world needs a
strong pharmaceutical sector that needs to be supported.

Scientists, drug manufacturers, suppliers of raw materials, laboratory equipment,
machines, packaging and solutions used in the pharmaceutical industry gathered at the
annual Congress of the World of the Pharmaceutical Industry addressed topics that
will have a major impact on the industry in the coming years. The Analyzes of the
needs and problems of producers regarding the safety and quality of drugs, modern
technologies, work and production optimization have shown that the pharmaceutical
sector needs comprehensive solutions in this area. The answer to the topics discussed by
the participants of the congress may be PSS for pharmacy. This solution may turn out
to be a path that will accelerate the development of this sector [24, 25].

The aimof thiswork is to develop a conceptual Product-Service Systemmodel for the
pharmaceutical sector. The research was carried out in the form of research workshops
during the sale of a pharmaceutical machine. The workshop was attended by a machine
sales and service company and a pharmaceutical company.

The paper is structured as follows: the first part is the introduction. The next part
contains the research methodology. The third part presents the literature analysis. The
next part presents results obtained at research workshops. The last part is the discussion
and conclusions.
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2 Research Methodology

2.1 Research Aim

The purpose of this article is to develop a Product-Service System for the pharmaceutical
industry. The following research questions were asked in the paper:

• What are the possibilities of using the PSS in pharmacy?
• Can the use of the PSS bring benefits to manufacturers of pharmaceutical machinery
and equipment and companies producing medicinal products?

The research carried out in the article highlights a set of guidelines that can be used
in industrial practice for the development of the PSS in the aforementioned sector of the
economy.

The research methodology adopted in this article consisted of four main phases:

1. Systematic literature review - focuses on two main phases performed in parallel.
The first is a systematic literature review of the PSS industrial cases, the second is
a systematic literature review of PSS design methods. The years 2001–2019 were
assumed as the period of analysis. The sources of information selected for these
studies were scientific databases (includingWeb of Science, Scopus, Science Direct,
Springler Link). This database includes major and minor publishers. The keywords
selected for the search are “Product-Service System in industry” or its synonyms. The
analysis included scientific articles from journals, book chapters, conference articles,
industry reports and white papers in English. The result was finding 150 works
describing PSS functioning in the industry. Assuming the same analysis period and
using the same databases, the authors conducted a systematic review of the literature
on PSS design methods. The keywords selected for the search are Product-Service
System design “or its synonyms. The result was a finding of 60 methods in 64 works.

2. Pharmaceutical industry research. In this phase, themanufacturers of pharmaceutical
machines and their users were analyzed. This phase also includes the analysis of the
pharmaceutical industry reports.

3. Research and analysis of enterprises. The research was carried out in the form of
research workshops during the sale of a pharmaceutical machine. In this phase, the
needs and problems related to the pharmaceutical machine used in the production
of tablets and the demand for services in a pharmaceutical company were analyzed.
Pareto analysis, brainstorming and questionnaire were used in the workshops. Pareto
analysis allowed to identify the causes causing costs and financial losses for the
company. The brainstorming allowed for the identification of the company’s needs
related to services. Based on the information obtained, a questionnaire was devel-
oped. The survey was conducted among the company’s employees to find services
corresponding to the needs and problems of the company.

4. Construction of the PSS for the pharmaceutical industry. Based on the conducted
research, the PSS for pharmaceutical machines was designed. The developed PSS
includes services that meet the needs of the enterprise and help to solve its problems.
This is the best solution for the analyzed enterprise.
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3 Literature Review

3.1 Product-Service System in Industrial Practice

This stage of the analysis concerned the PSSmodels used in industry. The examined PSS
are developed by international corporations and are addressed to various sectors of the
economy. The hallmarks of these models include advanced product technology and high
product value. They are very often machines composed of many systems divided into
main parts and auxiliary parts. This means that in order to ensure continuous use of these
products, professional service is necessary. The long life cycle of the products is also
an important element. The main examples of the PSS are Rolls-Royce (power-by-the-
hour for engines) and Azimut Yachts (Maintenance Service Program). The conducted
analysis of the PSS used in industry did not reveal PSS used in pharmacy.

3.2 Product-Service System Design

Designing the PSS is one of the key areas of the PSS research. Literature analysis by
systematic literature search identifies 60 different approaches to PSS design. From the
60 analyzed methods, 12 have been successfully verified in industrial practice, and 21
verified in scientific projects. Each of the analyzed methods presents the industries in
which the case studies were performed. Therefore, a list of PSS design methods and the
industries in which they are used was developed (Fig. 1).
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Fig. 1. Classification of PSS design methods by sector [26].

Out of all 60 analyzed methods, as many as 14 are used in the branch of economy,
which is mechanical engineering. It is impossible to assign 12 methods to any of the
sectors of the economy. These are universal approaches to the PSS design that can be
implemented in any industry. Several methods are used in quite different sectors of the
economy. The available literature does not provide guidelines or a framework for the
design of the PSS for the pharmaceutical industry [26].

3.3 Pharmaceutical Industry

Pharmacy is responsible for the research, development and manufacture of medicinal
products. It is one of the most innovative sectors of the economy that develops new drugs



124 M. Salwin et al.

based on long and complex scientific research. It is crucial for the timely delivery of drugs
that reach pharmacies and hospitals. Products from this industry are characterized by
high quality and the use of active substances. They are used to save the health and life of
people and animals. The production of medicinal products is subject to many restrictions
related to the hygiene of production and the protection of intellectual property.

The largest pharmaceutical markets are North America, Europe and Asia. In 2018,
the revenues of the 10 largest pharmaceutical markets in the world amounted to EUR 796
billion. In the EuropeanUnion, 595,751 people work in 4106 companies in the pharmacy
sector. The value of production in the European Union alone in 2018 amounted to EUR
287.89 billion (Fig. 2).
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Fig. 2. Revenue from the top 10 domestic pharmaceutical markets in the world in 2018 and 2019
[27].

3.4 Pharmaceutical Machines

Pharmaceutical machines are very important element of the pharmaceutical sector. They
are elementary capital goods, because the medicinal products produced on them are
needed to stop the epidemic and save people’s lives and health.

Machines and devices used in pharmaceutical production (including tablet presses,
capsule presses, blister machines, pharmaceutical powder mixers, dryers, bench presses)
are the key element used in the production of drugs and a basic element of equipment
for drug manufacturers. Pharmaceutical machines differ in the level of automation, size
and method of operation. A specific drug form (e.g. a tablet) can only be produced on a
specific machine (tablet press).

Manufacturers (for example Uhlmann, Norden, Citus Kalix, HAPA, PKB) offer
machines and devices used in pharmacy in various versions together with basic services
(transport, presetting, installation). The average value of investments of pharmaceutical
companies operating in the European Union in machinery and equipment in 2014–2018
amounted to 5.91 billion EUR (Fig. 3).
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Fig. 3. Investments in machinery and equipment of pharmaceutical companies in Europe Union
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4 Results

4.1 Characteristics of the Analyzed Company

The analyzed enterprise is a producer of drugs and medical devices with experience
and tradition. It mainly specializes in the production of generics and over-the-counter
drugs. The plant has specialized laboratories and modern machinery. The company
has qualified human resources with extensive experience. Our care for the high quality
and effectiveness of our products means that they have been trusted by consumers,
patients and pharmacists for years. Among the range of products manufactured by the
analyzed company, the following can be distinguished: antibiotics, drugs for influenza,
digestion, circulation, painkillers and non-invasive medical devices. The company is
constantly developing and conducting research into the development of new drugs and
their production.

4.2 Company Problems and Needs

The aim of this stage of the research was to identify the needs and problems faced by
a pharmaceutical company, i.e. a user of pharmaceutical machines used in production.
The analysis took place in the form of a research workshop. They were combined with
a meeting at which the analyzed plant purchased the machine. A representative of a
company dealing in the sale and service of machines used in the pharmaceutical industry
also participated in the study.

4.2.1 Company Problems

Despite the tradition and experience, the company struggles with a number of problems
related to the production of its products. In order to diagnose them, the Pareto-Lorenz
analysis was used (Fig. 4). The improvements implemented by the company all the
time reduce the problems. Nevertheless, they generate high significant costs. In 2019,
the most important ones included: retooling of pharmaceutical machines, rejects during
production, test runs and failures of pharmaceutical machines, non-compliance of the
finished product with its specification, service of pharmaceutical machines, training and
production contamination.
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Fig. 4. Pareto-Lorenz analysis of losses in the analyzed pharmaceutical company.

The problems that bring the greatest losses are pharmaceutical machines
changeovers, production rejects, test runs of pharmaceutical machines, pharmaceuti-
cal machines breakdowns, non-compliance of the finished product with its specification.
This is as much as 77.19% of all losses. These factors negatively affect the availability of
machines and the quality of production. As a result, they reduce the Overall Equipment
Effectiveness, which during the working day is about 65%, while in 2019 it was on
average about 59%.

All losses presented here are specific to the pharmaceutical sector. Production in this
sector is characterized by very high precision and cleanliness. In both cases, even the
smallest deviations from the standards prevent the product from leaving the production
hall and reaching the customer. Additionally, it generates rejects during production.
Operators are important figures in the entire production process. They are responsible
for the operation of machines and a number of related parameters.

4.2.2 Company Needs

The conducted workshops allowed for the diagnosis of the main needs of a pharmaceu-
tical company, concerning:

• machine purchase - elimination of high purchase costs, machine rental with operation
and service;

• use and service of a pharmaceutical machine - service subscription, replacement of
spare parts, proper inspection of format parts, cleaning and washing, retooling, error
diagnostics;

• training - the purchase of a newmachine requires re-training of the operating operators.
In addition, various types of training, including the use ofmachines, must be subjected
to every new person employed in the production department;
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• drug production process - compliancewith sanitary and hygienic requirements, proper
handling of the product, elimination of typically mechanical problems related to the
need to shape the products properly, cleaning, changeovers, fault diagnosis, production
support - trained support staff;

• sanitary and hygienic requirements - guaranteeing specific hygiene conditions that
meet the highest stringent quality requirements,machinewashing procedures, division
into clean and dirty zones, adequate protection of employees;

The presented areas are very important for the analyzed enterprise. They affect its
production capabilities and production quality. In some cases, they generate financial
and raw material losses.

4.3 The Service Needs of the Pharmaceutical Company

The next phase of the workshops concerned the selection of services that the analyzed
enterprise needs. These services will be part of the PSS for pharmaceutical machines.
All this so that the new PSS responds to the needs and requirements of the analyzed
company, and also helps to solve emerging problems or completely eliminate them.
Four groups of services have been selected:

• universal related to pharmaceutical machine;
• related to the production of drugs;
• related to health and safety at work;
• additional;

Representatives of the analyzed enterprise fromeach group of services chose thosewhich
were the most important from their point of view (Table 1).

Table 1. Services selected by the pharmaceutical company’s employees from the broadened areas.

Services related to a
pharmaceutical
machine

Services related to
a drug
manufacturing

Services related to
health and safety at
work

Additional services

Management
board

Financial services Optimization of
changeovers of
format parts

Training Take-bake

Rent Optimizing the
supply of raw
materials and
materials

Advice,
consultations and
training in
pharmaceutical law

Optimizing the use of
utilities (water, air,
electricity)

Training Quality control of
finished products

Safety certificates
and sets of
standards used in
pharmaceutical
production

Audits

(continued)
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Table 1. (continued)

Services related to a
pharmaceutical
machine

Services related to
a drug
manufacturing

Services related to
health and safety at
work

Additional services

Delivery,
installation,
commissioning

Giving the right
shape to products

Sterilization

Warranty Waste disposal Waste disposal

Machine software
update

Updating
(reconstruction,
modernization) of
the machine

Middle
management

Training Optimization of
changeovers of
format parts

Training Lean tools

Warranty Giving the right
shape to products

Advice,
consultations and
training in
pharmaceutical law

Disposal of
protective materials

Supply of spare
parts

Packing and cost
optimization of
packaging
materials

Security checks Take-bake

Maintenance and
inspection

OEE analysis and
optimization

Optimization of the
supply of protective
materials

Audits

Service agreement Optimizing job
matching

Updating
(reconstruction,
modernization) of
the machine

Optimization of
work ergonomics

Diagnostics and
troubleshooting

Sterilization

Monitoring,
machine operation

Production
staff

Training Optimization and
standardization of
working time

Training Disposal of
protective materials

Washing and
cleaning

Training and
integration

Optimizing job
matching

Optimization and
standardization of
working time

Repair shop
equipment

Data visualization
on cards and boards

Optimization of
work ergonomics

Integration of data
visualization on cards
and boards

(continued)
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Table 1. (continued)

Services related to a
pharmaceutical
machine

Services related to
a drug
manufacturing

Services related to
health and safety at
work

Additional services

Supply of spare
parts

Cleaning and
washing format
parts

Noise reduction

Maintenance and
inspection

Safety certificates
and sets of
standards used in
pharmaceutical
production

Diagnostics and
troubleshooting

During the research, the analyzed company confirmed its interest in renting amachine
with services under the service subscription.

4.4 Product-Service System for Pharmaceutical Industry

This chapter deals with model development. At this stage, the PSS for pharmaceutical
machines are built. It was developed on the basis of the research carried out in the com-
pany, the suggestions of the company dealing with the sale and service of machines and
the analysis of the literature on the PSS design. In the system under development, the
main parties will be the pharmaceutical company and the machinery manufacturer or his
representative. The main components of the PSS include the machine used in pharma-
ceutical production and services that meet the requirements of the analyzed enterprise
(Table 2).

Table 2. Service packages in Product-Service System for pharmaceutical industry.

Area Elementary set
of services

Intermediate
elementary set of
services

Advance
elementary set of
services

Exclusive
elementary set of
services

Operation and
service of the
machine

Rent Washing and
cleaning

Supply and
service of format
parts used in
production

Updating
(rebuilding,
upgrading) the
machine

Delivery,
installation,
commissioning

Delivery of spare
parts

Diagnostics and
debugging

Monitoring,
operation of the
machine

(continued)



130 M. Salwin et al.

Table 2. (continued)

Area Elementary set
of services

Intermediate
elementary set of
services

Advance
elementary set of
services

Exclusive
elementary set of
services

Warranty Maintenance and
inspections

Take-bake Update of
machine
software

Training Trainings related
to the operation
of machines

Pharmaceutical
health and safety
training

Safety
certificates and
sets of standards
used in
pharmaceutical
production

Advice,
consultation and
training in
pharmaceutical
law

Production
process

Optimization of
changeovers of
format parts

Product shaping Optimization and
standardization
of working time

OEE analysis
and optimization

Optimizing the
supply of raw
materials and
materials

Packaging and
cost optimization
of packaging
materials

Data
visualization on
cards and tables

Quality control
of finished
products

Occupational
health and safety
in pharmacy

Optimization of
the supply of
protective
materials

Optimization of
workstation
layout

Optimization of
work ergonomics

Sterilization of
production
departments

Division of
production
zones into clean
and dirty

Segregating risk
factors according
to their hierarchy

Noise reduction Maintenance and
improvement of
health and safety
management
system

Environment Segregation and
utilization of
waste and
protective
materials

Building a
sustainable
supply chain

Optimization of
media use (water,
air, electricity)

Designing
products and
processes in a
way that limits
their impact on
the environment

Additionally Financial
services

Insurance
services

Audits Legal advice and
consultation
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A machine manufacturer supplies a pharmaceutical company with a specific
machine. Together with the machine, the pharmaceutical company receives a package
of services from which it can choose the services it needs most (Table 2 and Fig. 5).
The manufacturer of the machinery charges a monthly fee consisting of three elements:
a rental fee, a set monthly fee for the number of products produced and a service fee.
Ownership rights remain with the machine manufacturer. The use of the machine, i.e.
the production of as many of the pharmaceutical products concerned as possible, is the
main need of the company in question. This shows that ownership is not a key need. The
machine can be exchanged for a new one or upgraded or reconditioned after a mutually
agreed period of use.

Table 3. Product-Service System for pharmaceutical industry—main assumptions.

Ownership Sales Services Advantages to the
manufacturer

Benefits for the
customer

It remains with
the machine
manufacturer or
its representative

Rent based on a
monthly
subscription

Elementary set of
services

Possibility of
reusing the
machine in
another company

Focus on new
drug
development

Number of
products
manufactured

Intermediate
elementary set of
services

Improved
customer
relations

Increase in
production
capacity

Not transferred to
a pharmaceutical
company

Advance
elementary set of
services

Monitoring
control and
maintenance of
the machine

Cost reduction

Service
subscription

Exclusive
elementary set of
services

Reduce resource
consumption

Meeting
stringent
requirements for
pharmaceutical
production

The model developed has benefits (Table 3). The pharmaceutical company does not
invest huge financial resources in the machine. In addition, it focuses mainly on its
core business. Service, maintenance and repair issues are not within the scope of the
user. The pharmaceutical company receives additional support in the form of services
related to the production of drugs, which makes it possible to increase work efficiency
and faster production. An additional benefit is the provision of various training courses,
consultations and advisory services,which save the customer time andfinancial resources
that it would otherwise have had to spend on its own. Occupational health and safety
services support the machine user in meeting the stringent criteria of pharmaceutical
production.
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A pharmaceutical machine manufacturer makes money at the same time from the
production of themachine, its use by the customer and related services. Precisemanufac-
turing, high-quality materials and modern technological solutions are important points
thanks to which the manufacturer can extend the life cycle of the machine. Additionally,
thanks to this solution, the manufacturer monitors the machine, collects data and analy-
ses its operation. All of this can translate into better action when it comes to upgrading or
reconditioning the machine and contribute to a significant improvement in new machine
series. It is important that components which, after a certain period of use, do not comply
with the strict parameters and components which wear out quickly can be replaced effi-
ciently. All this is done in order to meet the stringent requirements of the pharmaceutical
industry and to ensure that the machine can operate continuously.

Fig. 5. Product-Service System for pharmaceutical industry—a concept.

5 Discussion and Conclusion

This paper analyzes the pharmaceutical industry. This market is characterized by high
expenditure on research and development and implementation of innovations.Micro and
small enterprises dominate here, but large enterprises invest the most in research and
are responsible for inventing and patenting new medicinal products. The nature of this
sector enables the use of completely new solutions related to the offer of manufactur-
ers of machinery and equipment. It should be noted that the current offer of machine
manufacturers operating in this industry in the field of the PSS is very narrow.

The Product-Service System is a solution consisting of products and accompanying
services. The PSS aims to meet the requirements and needs of customers and to provide
support in solving their problems. Currently, it is important to use the opportunities
offered by the solution in business practice. The paper presents research workshops
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in which PSS was designed for pharmaceutical machines used in the production of
drugs. The information obtained during the workshops made it possible to assemble a
pharmaceutical machine and related services at the PSS.

The main findings of the workshops carried out include:

• knowing thewishes, needs and problems of the client and analyzing them is a flywheel
for the PSS design team. Customer requirements are the guideline in the selection of
services at PSS. It is important to involve the user in the design of the PSS

• an important element that should be taken into account when designing the PSS for
this industry are: stringent requirements and legal regulations, pharmaceutical safety
regulations including CGMP, FDA CFR 21 part 117 and occupational hygiene. It is
also a challenge for the PSS in pharmacy.

• pharmaceutical use of the PSS can increase the speed of drug development. Then,
significantly accelerate their production by increasing efficiency and eliminatingmany
losses that occur during production. Thiswill avoid the situation of reducing the supply
of preparations that are of key importance in the elimination of threats to human life
and health.

• appropriate selection of services for a specific pharmaceutical company and a specific
type of production may lead to a reduction in production rejects, which will increase
the number of manufactured products.

• the PSS fee eliminates the high investment for a pharmaceutical company, as well as
costs such as depreciation, taxes and more associated with traditional purchasing.

• thanks to the fact that the manufacturer retains the ownership right, it is possible to
constantly control the parameters of filling and forming products and immediately
react when they change. This will reduce rejects during production. In addition, it will
enable the diagnosis of the weakest parts that are in themachine. The developedmodel
will allow the manufacturer to gain knowledge that can be used in new machines.

• this model can be targeted at enterprises of all sizes. It will allow micro, small and
medium-sized enterprises to develop faster, and it will give large enterprises the
opportunity to focus more attention on developing and patenting new products.

Research workshops in which two companies from the pharmaceutical sector have
been involved are the foundation for research on the PSS in pharmacy. They indicate
aspects and elements that need to be analyzed more broadly in future research.
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Abstract. This work is based on the study of the quality of the application process
of the vaccine via the skin against the SARS-COV-2 virus in Mexico, during the
period from January to July 2021, through the application of associated statistical
methods statistical quality control and process capacity studies. The vaccination
process is described as a random variable with binomial distribution, analyzing
its behavior on the application of these vaccines through an np control chart,
to quantify the number of wasted doses with respect to the total of applied and
a capacity study of binomial processes to determine the quality of this specific
activity through sigma levels as established in the 6-sigma methodology. The
study included the application period from January 19 to July 11, 2021, following
up on the Official Reports and Reports of the Secretary of Health and obtaining
the database from their respective portals.

Keywords: COVID-19 vaccination · Quality nursing application · Statistical
quality control · Sigma level ·Mexican scheme vaccination · Vaccination
application waste

1 Introduction

1.1 An Introduction

SARS-CoV-2 and the COVID-19 Pandemic

The Causal Agent
The virus is known as SARS-CoV-2, a new beta-coronavirus of the Coronaviridae fam-
ily, Named for its spherical lipo-protein capsule surrounded by multiple spicules (S-
glycoproteins) which give it the appearance of a crown. The genetic material in its
interior is a single chain of ribonucleic acid (RNA) positive-sense genetic proximity to

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
F. Gorski et al. (Eds.): MANUFACTURING 2022, LNME, pp. 136–145, 2022.
https://doi.org/10.1007/978-3-030-99769-4_11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99769-4_11&domain=pdf
http://orcid.org/0000-0001-7313-3566
http://orcid.org/0000-0001-6305-6122
https://doi.org/10.1007/978-3-030-99769-4_11


Quality Estimation on the Application Process of the Vaccination Scheme 137

two coronaviruses presents in bats ago highly probable that this is its origin, with the
possible participation of one or more intermediate hosts [1].

The virus usually enters through the respiratory route (even though it can do so
through the mucous membranes such as the conjunctiva), and is fixed by the spicules
to its receptor: the membrane protein angiotensin-converting enzyme type 2 (ACE-
2), of type II epithelial and alveolar cells. Once internalized, the RNA is released for
transcription and replication.

From the first cases reported inWuhan, China, the local and finally global expansion
quickly reached alarming levels.By January11, 2020had already claimed thefirst fatality
and a month later on February 11, the Control Center and China Disease Prevention had
72,314 reported cases14. On January 30, 2020, the WHO declared COVID-19 a “public
health emergency of international scope”, and on March 11 with 37,364 cases reported
outside of China, cataloged officially as a “pandemic”. For the first time in history, this
disease has been followed in “real time” through the different digital platforms, with
statistics and detailed data day by day and minute by minute.

Nursing and COVID-19

Pandemic Environment
For Mexicans, the strategy called “Operation Correcaminos”, whose purpose is to
achieve coverage effectively and efficiently, with the general coordination being the
president. AndrésManuel López Obrador and the 32 sub-coordinators state. 10 thousand
vaccination points are considered in the 32 states of the Mexican Republic with brigades
of 12 members (health personnel, SEDENA, Navy, servants of the nation attached to the
Ministry of Welfare and volunteer staff if necessary) [2].

During the pandemic there have been many contributions that the nursing profes-
sional has offered to the health system, one of the most important is to make visible the
need to increase nursing human resources, which has historically had a significant deficit
andwhich the pandemic has translated into an imperative need to recruit health personnel
with the intention of forming the “covid teams” indispensable to care for the population.
This pandemic has redirected the gaze of the population and health authorities towards
the nursing profession, so that it is now an essential figure that has ceased to be only
part of the multidisciplinary team, to become a protagonist in the health scene, since it
has responded immediately and forcefully to the needs to interact for the well-being of
society and throughout the world it has been a fundamental pillar to preserve the lives
of those who have required it.

The nursing professional’s response is the result of their dedication, dedication and
vocation. It is worth mentioning that along the way there have been major obstacles
which have undoubtedly hindered action in the various settings in which one travels as
a worker in a health institution or as a normal citizen. These obstacles have not limited
their practice, on the contrary, they have strengthened and empowered the profession,
always courageously despite long working hours has spoken out to face up to the chal-
lenge care of people with the objective of ensuring security and providing personalized
accompaniment, attending to and prioritizing their biological, psychological, social and
spiritual needs, using all available resources. It is also extremely important to reflect on
the risks nurses face on a daily basis in the workplace, where fear and lack of therapeutic
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and non-therapeutic inputs have predominated, such as personal protective equipment,
stress, emotional burdens, fatigue, isolation without family living together, and attacks
on health personnel. Demonstrations to protest for their rights, etc., as well as solidar-
ity, teamwork, the development of new nursing skills, constancy, discipline, adaptation,
resilience and many other positive aspects that have helped save thousands of lives have
also been relevant. There is no doubt that this pandemic will continue to generate fear of
contagion and uncertainty due to occupational risk, although today lifestyles and routines
have changed, the mysticism of the nursing profession has placed it in the perspective
of an independent and necessary profession in the world, so it is worthwhile to continue
working to have a healthy population and a profession with presence and recognition
before society. The intervention of nursing professionals in the covid-19 pandemic has
been an unprecedented test that will contribute to knowledge, which has highlighted the
importance of providing humanized care to patients who have required it, since their
intervention favors integral recovery for a prompt incorporation into the family, work
and social nucleus or, failing this, to seek a dignified death [3].

In Mexico, the health system aims to establish instruments that promote the quality
and efficiency of health services, expand social security coverage, accelerate and deepen
decentralization, and extend service coverage.

The Evaluation of the Quality of Health Care is a first step for the Reform of the
System in poor urban and rural areas, through a basic package of services [4]. In 1999, the
National Health System of the United States (NHS) published the so-called “Framework
for Performance Evaluation” in which the need for actions for its quantification in six
areas is indicated, presenting a series of indicators for each one.

On the other hand, high demand leads countries to work with high quality indices to
reduce waste as much as possible and increase the capacity of their operations to meet
the global demand for vaccines.

1.2 Statistical Quality Control

About Statistical Quality Control
Statistical quality control is a technology widely used in manufacturing to improve
product quality and worker productivity (Wetherill 1977). The technology involves
first describing the average and the normal variability of work performance outcomes.
Repeated samples of work outcomes are then taken and compared to these established
standards. Normal and abnormal variation among samples is visually determined with
a control chart. The expected performance standard and ranges of expected variation in
samples are illustrated on this control chart. Sample data are graphed on the chart and
evaluations made onwhether the process is in control (normal variation) or out of control
(abnormal variation). If the work sample is out of control (i.e., three standard deviations
from the average), the variation is abnormal and steps should be taken to identify and
solve the problem at the sources of the abnormal variation.

Statistical quality control is most applicable in situations in which a high-rate work
activity produces a measurable outcome, for instance, in assembly line work. This sit-
uation enables managers to frequently sample work quality. One advantage of frequent
sampling is that the average and the variability of the work performance can be quickly
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established and, another, that worker productivity can be easily sampled. Thus, problems
with the quality of the work system can be identified on a timely basis and before the
system has been out of control for too long.

These latter advantages have led statistical quality control to be more widely used in
manufacturing than in the service or health care industries has discussed the application
of statistical quality control technology in developing and interpreting key indicators
of patient care, no other examples of statistical quality control applications in the long-
term health care field have been published. Furthermore, there appear to be several areas
of patient care in nursing homes that could be monitored with a powerful statistical
quality control technology. If a patient care area that requires nursing staff to engage in a
repetitive work activity has established clear outcome measures, then statistical quality
control can be used to determine the quality of this work activity [5].

The control chart, is the main instrument of statistical quality control to analyze
the variation in the long term [6], they allow to continuously monitor the accumulated
differences of an attribute which is defined as any aspect of the product that by itself
can be used to compare others of a given process [7], which can be translated into
data collected sequentially, allowing early detection of deviations from an established
standard.

One of the advantages of these sequential tests is the independence of the sample
size, a greater power to detect transitory changes in trends, the continuity of the analysis
over time and the possibility of making a rapid evaluation of the data and a timely
identification of the data. behaviors.

1.3 Six Sigma Methodology

About Six Sigma Methodology
Six sigmamethodology is a group of techniques and tools which is used for improvement
in the process. Six sigma was firstly introduced in 1986 by Mr. Bill Smith and Mikel
J Harry when they were working with Motorola Company. In the year of 1995 Jack
Welch use six sigma for his business program. It is used for quality improvement of the
process and process output is identify and remove the causes of defects and minimize
variability in manufacturing and business program. Six sigma aiming at the reduction
of defect rate to 3.4 defects for every million opportunities. Six sigma as a project based
methodology for solving specific performance problems recognized by an organization.
Doing things in best possible way and keeping it in right direction by six sigma. Kaushik
gives a definition for six sigma “methodology that offers reliability and giving approach
to solve the problem by team and a management system that helps in making leadership
and give authority for problem solving in industry” [8].

Six sigma projects methodology: Six sigma projects follow two methodologies.
These methodologies are DMAIC and DMADV. DMAIC: - Aim of this process is
improving an existing business process. DMADV: - Creating new product or process
designs by this process. In this paper we will discuss about DMAIC methodology:

#Define: In this phase consider, voice of the customer and about their requirements,
and define goals of a projects. #Measure: In this phase measure gauge repeatability &
reproducibility of the running process and check the process capability of a project.
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#Analyze: Data is collected and develop a flow of process to analyze and verify
cause-and effect of a process and what is the root cause of this defect.

#Improve: Improve the running process based upon data analysis using techniques
such as DOE, FMEA, Pareto chart is used for improvement.

#Control: Standardize and documented the improvement of the process control chart
is a tool which is used in this phase to check the process problem is shift or not [9].

1.4 Vaccination Process

Official Procedures
The Mexican government issued 7 technical guidelines for the application of the
vaccines: BNT162b2 Pfizer/NioNTech, Janssen Recombinant Linear Vector, GAM-
COVID-VAC (Sputnik V), Spikevax (Moderna), recombinant vaccine against the new
coronavirus “Vector of Adenovirus type 5” (CanSino), Astra Zeneca, Sinovac vaccine
“SARS-CoV-2 (Vero Cells) inactivated” all against the SARS-CoV-2 virus and the
Operational Vaccination Strategy against COVID-19 “Operativo Correcaminos” [10].

SARS-CoV-2 virus vaccine application technique

• Prepare vaccine.
• Discover the application site.
• Remove the protective sheath or cap from the needle to give the vaccine.
• With one hand stretch the skin.
• With the other hand, hold the syringe, with the bevel of the needle facing upwards at
a 90° angle above the plane of the skin.

• Insert the needle intramus cularly.
• Press the plunger so that the vaccine penetrates.
• Lightly fix the skin with a dry swab, near the site where the needle is inserted, and
remove the syringe immediately after inserting the liquid.

• Stretch the skin to lose the light from the hole left by the needle.
• Press for 30 to 60 s with a swab, without massaging.
• At the end of the procedure, perform hand hygiene.

Defects on Vaccination Technique
During the vaccination event there are two possibilities, one of success and the other
of failure or Defect, in this paper we will talk about “defect” as those doses that were
wasted during the preparation or application process.

The vaccination process is described as a random variable with binomial distribution,
analyzing its behavior on the application of these vaccines through an np control graph,
to quantify the number of wasted doses with respect to the total of applied ones.

A binomial process capacity study is carried out to determine the quality of this
specific activity through sigma levels as established in the Six Sigma Methodology.
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1.5 Motivation

Currently, the management of the application of the COVID-19 vaccination does not
integrate a quality dimension as part of the success of Vaccination Programs in the
world. It is important for the World Health Systems to communicate the efforts of its
Operational Strategy, not only in terms of the number of people vaccinated, but also the
quality with which the process is being executed in order to deploy concepts that They
are not always within the reach of the entire population and unfortunately these types of
events do occur.

1.6 Objective

Propose statistical quality control as a decision-making tool within the vaccination sys-
tem to achieve high levels of quality. The hypothesis of the study is centered is to
determine if the vaccination scheme presents a rate of 0.10% of defects and is in control.

2 Methodology

This work is based on the study of the quality of the application process for COVID-19
vaccine in Mexico, during the period from January 19 to July 11, 2021, through the
application of statistical methods associated with statistical quality control and process
capacity studies.

P(y) = P
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n
y

)
pyq

n−y

(1)

The np graph is also based on the Binomial distribution. So it is possible to return
to some definitions and formulas, it is known that:

μ = E(Y ) = np; σ2 = V (Y ) = npq; q = 1− p (2)

Let X1, X3,…, Xk be a set of samples drawn in the sampling interval i = 1, 2,…, k of
a process, denote with ni the sample size, and let n, Y2,…, Yk , the number of defective
units in the sample. Then, Yi is binomially distributed with parameters n and p.

For each sample, the random variable “proportion of sample defectives” is defined
as in the expression:
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A random variable Y is said to have a binomial distribution based on n trials with
probability p of success if and only if:

With the use of these parameters, the control limits are derived, and they are as
follows:

UCL = np+ Z
α

2

√
np(1− p) (5)

LCL = np− Z
α

2

√
np(1− p) (6)

CL = np (7)

Process capability can be described in units of sigma; For example, a process can
be located at a 4.8 sigma level of a Six Sigma ideal, this percentage that is out of
specifications can be considered as the defective fraction of the control charts p and np,
while the number of sigma approaches Six Sigma, the process will be at zero defects.

In the case of performance metrics, these are based on the products that come out
compliant or non-defective, this metric is represented in percentage terms and is also
called the compliant fraction of the process.

The equations for assessing metrics, such as Defects in Parts Per Million Opportu-
nities (DPMO), Performance (Y), and Sigma Level (Z), are presented below.

DPM0
n
T

(1, 000, 000) = n
UxO

(1000, 000) (8)

where n = defects, u = sample, o = error opportunities.

Y =
(
1− n

UxO

)
(9)

where n = defects, u = sample, o = error opportunities, y = yield.

(NORMSINV(1−%ERROR RATE)) + 1.5 (10)

All the information on the applied and wasted vaccines were collected from the
official site of the Mexican Secretary of Health [11] and where they were processed with
the Minitab19 ® software.

3 Results

To monitor the behavior of the discarded vaccines, an np graph (Fig. 1) and the binomial
capacity study (Fig. 2) were constructed using Minitab 19 ®.

In Fig. 1, the behaviors of 163 days of monitoring are observed, which show at the
beginning very low levels of dose wastage from January to the end of March, when they
begin to increase by 500% until an average of 404 doses wasted until the first week of
July.

https://doi.org/10.1007/978-3-030-99769-4_1
https://doi.org/10.1007/978-3-030-99769-4_1
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On the other hand, in Fig. 3, it can be seen that the performance of the application
of the COVID-19 vaccine in Mexico presents a waste of 0.12%, 0.02% higher than
the institutionally estimated, statistically not significant (a test of proportions was used
t-student).

The measurement of Quality in the application of the vaccine measured in sigma
levels was estimated at 4.54 sigma and with the defect rate of 404 wasted vaccines per
day out of a total of 50,698,518 applied until July 11.
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Phase 1                  Phase 2                      Phase 3

18-jan   Feb-04 Feb-21 Mar-27 16-Apr May-3rd May-19 Jun-05 Jun-22 Jul-09 

Fig. 1. np Chart behavior of the application of the antiCovid vaccine in Mexico (January–July
2021).

Fig. 2. P Chart behavior of the application of the Covid-19 vaccine in Mexico (January–July
2021).
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Fig. 3. Study of the capacity of the Covid-19 vaccine in Mexico (January–July 2021).

4 Conclusions

Theway in which technology has advanced, has allowed data to be collected with these 4
characteristics: speed, volume, variety and veracity, which are present in an event of high
impact on humanity as a pandemic. These advances allow not only to capture events, but
are also vitally important in decision-making for every government in the world, which
allows you to act preventively in the creation and improvement of their strategies to deal
with this virus COVID-19.

One of the disciplines that support the translation of data into information is Statistics,
and within it methods, such as Statistical Quality Control, which has been widely used
in the improvement processes at the industrial level and in the service area for many
years around the world.

On the other hand, the concept of Quality is disseminated in the media and as part
of marketing campaigns in the promotion of brands, but in a subjective way providing
an idea about the experience that the consumer will have when purchasing a product or
a service, which is useful during the purchasing decision process.

With regard to this pandemic event, the Mexican government held a series of con-
ferences to inform the public about the progress of the epidemiological strategy and
the vaccination plan. In this forum, information is shared on deaths, contagions, doses
applied and wasted doses, where the latter are regularly mentioned as insignificant, but
which are not important. at the same time represent the entire effort of thousands of
health professionals involved in the direct process of vaccine implementation.

The importance of knowing the behavior of the application in the population defined
as applied and wasted doses is vital in the process of awareness-raising and of course
the extra cost involved in each wasted dose, which we call Quality in the context of
processes. Being able to understand in numbers an entire operational strategy helps
the population to appreciate the efforts of the government regardless of their political
party, to recognize the work of the entire operational chain and of the personnel directly
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linked to the fulfillment of the activities, such as: nurses, soldiers, transporters, doctors,
volunteers, cleaning staff, planning, among many other people we don’t see.

On the other hand, the Mexican State should be more interested in the quality of its
processes, the use of tools and methods that support it in carrying out its functions with
world-class standards at the lowest possible cost. Although it is not relevant for it to speak
of a portion of wasted vaccines, for people on the battlefield it can be a great motivator
to recognize their In the same way, people will be able to perceive the concept much
better as part of the process of transformation that they themselves have commented on
in their political discourse, as a fundamental basis for the economic development of the
country.

This small research represents a small tribute to all those people who have worked,
even died, to offer their knowledge saving lives during the COVID-19 pandemic in
Mexico and around the world.

The study shows how through statistical quality control and the use of the np chart
and the use of graphical capacity studies, possible behaviors associated with fatigue or
ergonomic problems that intervene in the increase in defect rates can be studied. This type
of study is of vital importance since it allows us to evaluate the design of the programs,
make decisions in a timely manner, identify behaviors that warn of errors, maximize the
use of doses and build an autonomous system within the vaccination scheme.
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Abstract. The object of research was the process of manufacturing of four types
of synthetic vascular prostheses: straight, bifurcated (Y-shaped), straight with an
arm and arch-shaped. The main purpose of the paper was to evaluate a quality
assessment of this process and as it turned out to improve its quality. The main
critical features affecting the quality and durability of the prosthesis are water,
gelatin and glycerin. Because of a high cost of examination, control plan designed
for this process assumed collecting a very small sample. Taking into account a
high risk of accepting a batch that does not meet the requirements, distributions
shape and capability for chosen features were assessed on the basis of previously
collected data. The content of water turned out to be critical so a thesis was
made that the critical operation in the entire prosthesis manufacturing process
is the drying operation, both after coating and cross-linking. It takes place in a
separate room where wet prostheses are placed for a specified period of time.
The company tries to maintain a certain temperature and humidity in the room.
Unfortunately, these are not permanent conditions. Therefore, it was decided to
analyze the correlation of room temperature and humidity with the content of
water, gelatin and glycerin in prostheses. After all, in order to verify the nature of
the dependencies obtained in the preliminary tests, a controlledmethod of carrying
out the drying operation after cross-linking and conducting an active experiment
was proposed.

Keywords: Vascular prostheses · Process capability · Design of Experiment

1 Introduction

The aim of each manufacturing process is to generate a product that meets customer
requirements [1]. It is possible to achieve it, among other things, through manufacturing
processes which are statistically stable and qualitatively capable. In order to be able to
assess the stability and capability of processes, they must be rationally and effectively
monitored and controlled [2, 3].

In a broad sense, control is one of the basic management functions. It is used in
all areas of enterprise operation. It consists in comparing the actual state of an object
(process, product, document, position) with the assumed (required) state. In order to
make this comparison, the state of an object should be [4, 5]:
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– measured (through measuring) or described (through observation) to determine the
actual state,

– assessedwhether the actual state is consistent with the assumed state (or towhat extent
it is not consistent).

In the production process, control activities occur in product design, in the design of
the manufacturing process, in the manufacturing process itself, and after the product has
been handed over to the recipient. One of the widely used forms of control is statistical
acceptance control [6, 7]. It consists in taking an n-element sample from a batch of
finished products and issuing a decision concerning the compliance of the entire batch
on the basis of the sample control results. The acceptance control plan takes into account
the acceptable quality level agreed between the recipient and supplier, the quantity of
the batch presented for control and the level of control. On this basis, a decision is made
on the size of the sample submitted for assessment and the size of the batch acceptance
criteria [8].

Statistical acceptance control carries the recipient’s risk that the batch will be
accepted on the basis of a random sample test despite not meeting the requirements
and the supplier’s risk that the batch delivered will be rejected on the basis of a random
sample test despite meeting the requirements. Nevertheless, an important issue in plan-
ning acceptance control is the relation with the cost of its implementation. In practice,
efforts are oftenmade tominimize control costs by reducing the sample size. The sample
size is important as it influences the credibility of assessment - it affects the decision
whether a batch of products can be accepted as compliant with the requirements or
whether it is entirely recognized as non-compliant. It is common practice to increase the
credibility of the acceptance inspection by increasing the sample size and changing the
party acceptance criteria. Unfortunately, in a situation where the cost of performing the
test is high, which is the case with destructive control, this approach is not applicable.
Therefore, practitioners should pay attention to the third possibility of increasing the
reliability of acceptance control: process improvement by reducing the variability of the
assessed characteristics [9].

2 Synthetic Vascular Prostheses

Vascular prostheses are tubes which replace a fragment of a blood vessel, with a straight
or branched course (e.g. Y-shaped, Fig. 1). They are usually made of polyester or polyte-
trafluoroethylene fibers, which are biologically neutral for the patient’s body. Subsequent
paragraphs, however, are indented.

Vascular prostheses are mainly used as arterial and venous implants to bypass or
replace a narrowed or blocked section of a blood vessel. The walls of the prostheses are
notched, which increases their flexibility during medical procedures and the possibility
of appropriate length selection during operations.

The fabric for polyester prostheses is mainly produced by weaving - the fibers are
intertwined at an angle of 90° (Fig. 2a) and knitting - the fibers form a stitch (Fig. 2b).

Prostheses made of woven material are characterized by negligible surgical perme-
ability, so they can be usedwithout prior sealing. They aremainly used during procedures
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Fig. 1. Example of a shape of prostheses (own source).

to remove thoracic aortic aneurysms and ruptured aneurysms. These prostheses are often
used in surgery for patients with blood clotting disorders, with a potential loss of a sig-
nificant amount of blood (e.g., a ruptured aortic aneurysm) and if they have been given
heparin before surgery and before deciding to use a woven implant. On the other hand,
knitted prostheses are characterized by porous walls, which increases their permeability.
Before using a knitted implant, it should be sealed with the patient’s blood, which also
ensures better healing. They are used in cases of hip artery surgery and abdominal aorta.
Polyester implants can be coated with carbon, silver salts and antibiotics. The use of the
previously mentioned chemical compounds for impregnation reduces the possibility of
infection and has a positive effect on the prosthesis walls, reducing susceptibility to the
formation of mural thrombi.

Fig. 2. Diagram of the arrangement of fibers in woven (a) and knitted (b) fabrics (own source).

Polytetrafluoroethylene prostheses are distinguished by an original structure with
their walls being uniform, smooth and tight. They are recommended for the operation of
small and medium diameter arteries as well as for vein prosthesising. They are mainly
implanted in the femoral-popliteal segment. They are also used as shin artery implants
and to create an arteriovenous fistula necessary for hemodialysis.

The disadvantage of polytetrafluoroethylene prostheses is their lack of stretchability,
which results in the need to precisely assess the required length of the implant. In order
to address this inconvenience, a new type of polytetrafluoroethylene prosthesis was
developed, referred to as a stretch with a stretchable wall of the prosthesis along its
longer axis.

3 Object of Research - Manufacturing Process of Vascular
Prostheses

The object of research was the process of manufacturing four types of synthetic vascular
prostheses (Fig. 3): straight, bifurcated (Y-shaped), straight with an arm, arch-shaped.
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Fig. 3. Types of prostheses: straight, bifurcated, axillo and aortic arch (from left).

For each type of prosthesis, the process is slightly different - the differences lie in the
changed sequence of performed activities or different values of the process parameters. In
general, the manufacturing process of vascular prostheses always includes the following
steps:

Stage 1: Preparation of prostheses: Taking the cut and properly picked semi-finished
product from the storage site,which is then subjected to the operation of sewing,washing,
shrinking and spinning (the sequence of operations may differ depending on the type of
product).
Stage 2: Extraction in isopropanol: In a special column with a capacity of 38 L, a stand
with prostheses is placed and treated with isopropanol. The whole process consists of
5 cycles of alternating isopropanol extraction and distillation. When extraction is over,
the drying process with compressed air begins automatically.
Stage 3:Notching and pleating: Bearing in mind the group of products, the activities are
performed in a different way. The notching process is performed on two devices, while
the pleating process is always done manually. The first step is to give the prosthesis a
preliminary notch. Each of the prostheses is threaded on a specially adapted form, which
is placed in the press, where, under the influence of high temperature and pressure, the
fabric is given appropriate size notches. After cooling, the prosthesis is placed on a
pleating mold and placed in place by hand. The material is put in an autoclave to give
its final shape.
Step 4: Inter-operational control: It is performed before the coating and cross-linking
processes and after the coating and cross-linking processes. Interoperative control is a
visual control that checks the presence of dirt, stains, contamination and correct pleating.
Step 5: Placing the prostheses for coating: The prostheses are placed on a stand, which
will then be placed in a suitable tank. The arrangement of prostheses on a stand (Fig. 4)
depends on their type and size.
Step 6: Coating with a mixture of gelatin and glycerol: The process is carried out in
two tanks. In the first reactor, a mixture of water, gelatin and glycerin is formed, which
is needed to carry out the process. The mixture is then degassed and pumped into the
second mixer. Previously prepared stands are placed in the mixture. After 30–45 min,
the stand is pulled out and placed in a room where it is dried.
Stage 7: Drying after coating: The prostheses are dried in a special room. The drying
time should be at least 15 h in the temperature range: 26–30 °C.
Stage 8: Cross-linking of prostheses: The prostheses are placed for 6 h in a mixture of
isopropanol, glycerol, cold WFI and HMDI.
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Stage 9: Drying after cross-linking: It takes place in a different room than drying after
coating. After drying, the prostheses are inspected, cut to appropriate length, packed and
sent for sterilization.

Fig. 4. Adjustable prosthesis stand (own source).

In order to ensure the highest quality of manufactured products and bearing in mind
the safety and health of patients who will undergo implantation, a set of key quality
features for vascular prostheses was defined. These features are responsible for the per-
meability, durability and flexibility of prostheses. Many years of R&D tests of products,
standards and experimental series made it possible to determine the permissible limit
values. As part of quality control carried out in the laboratory, the level of such com-
pounds in the prosthesis as water, gelatin in the form of hydroxyproline, glycerol, ash,
HMDI, iron, lead is determined. After cross-linking and sterilization, a certain number
of pieces from each batch are sent to an external accredited laboratory.

The main critical features affecting the quality and durability of the prosthesis are
water, gelatin and glycerin. The percentage ofwater in the prosthesis exceeding the upper
tolerance line may have an impact on the increased growth of microorganisms on the
prosthesis, which is not harmful for the prosthesis itself, but is potentially unfavorable
for the patient’s health. This can lead to slower wound healing or, at worst, infection.
However, if the percentage of water in the prosthesis is below the lower tolerance line,
only its physical properties will change. Too little water will affect the flexibility of the
prosthesis, but it will not slow down wound healing or increase the risk of infection.
When the content of gelatin in the prosthesis is below the tolerance limit, the vascular
prosthesis will not be sufficiently flexible. It will bend and leak, whichwill cause blood to
permeate through its surface. Gelatin is soluble in water, and its too low percentage may
cause it to be released too quickly from the prosthesis, whichmust be coveredwith tissues
in order not to lose its tightness. In the other extreme situation, when the percentage of
gelatin in the vascular prosthesis is above the upper tolerance limit, the wound may heal
too slowly. Gelatin is not a hazardous substance. It is a substance of animal origin, so
a significant amount of it will affect health processes. The last critical feature is the
amount of glycerin in the prosthesis, which affects its flexibility. If the percentage of
glycerin is above the tolerance limit, it does not constitute a dangerous situation for the
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patient’s health. However, the content of glycerin below the lower tolerance line may
significantly affect the loss of prosthesis elasticity.

These features significantly determine the quality of the manufactured prostheses.
Coating, cross-linking and drying are the main operations shaping the level of water,
gelatin and glycerol.

4 Problem

The prosthesis quality assessment process consists of sending several (2 to 4) pieces to
an external laboratory. The produced batch is compliant if all the assessed pieces meet
the requirements. It turned out that such a control plan was not supported by any risk
analysis of the emergence of non-compliant prostheses. Due to the fact that control is
carried out on the basis of such a small sample and the results are not related to the range
of natural variability of the analyzed statistics but only comparedwith the tolerance lines,
there is a risk of obtaining non-compliant products. Therefore, it is important to estimate
associated risk. Hence, the first aim of the research was to analyze historical data from
a laboratory for a given type of prosthesis manufactured in 2020. It turned out that the
most frequently ordered type of vascular prostheses in 2020 were UG-K prostheses (for
which the test results are presented, and the requirements for their selected parameters
are presented in Table 1). From each order, 3 pieces go to a laboratory where chemical
tests (first piece), tightness (second piece) and the presence of endotoxins (third piece)
are carried out. The tests are destructive.

Table 1. Requirements for selected parameters for the UG-K prosthesis (source: company data)

Parameter Lower tolerance
limit

Upper tolerance
limit

Water [%] 3 8

Gelatin [%] 13 25

Glycerol [%] 15 30

Ash [%] 0 1

HMDI [ppm] 0 0.1

Iron (ppm) 0 25

Lead [ppm] 0 10

The results of tests from 49 orders for the content of water, gelatin and glycerol were
analyzed (Figs. 5, 6, and 7).

The analysis of the test results for the content of water shows that they are close to
the upper tolerance line (Fig. 5). These values were obtained from testing one piece from
the entire order. This feature is also characterized by high variability, which increases
a real risk that the entire batch will contain prostheses with a content above the upper
tolerance line, which, as already noted, significantly affects the post-operative healing
process and poses a risk of infection.
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Fig. 5. Graph of the percentage of water in prostheses from a given order (own study).

Fig. 6. Graph of the percentage of gelatin in prostheses from a given order (own study).

In the case of gelatin and glycerin content, the distribution of the measurement
results from laboratory tests indicates a relatively stable arrangement (Figs. 6, and 7).
Nevertheless, the variability of these results also appears to be alarmingly high. This is
also indicated by the descriptive statistics from the data presented in Table 2.

The analysis of the test results leads to a thesis that control planned in this way
may not reflect the real quality of the order. It is especially visible after performing the
qualitative analysis of the manufacturing process (Fig. 8). For the water content, the
long-term qualitative capability of the process is very low (Pp = 0.62; Ppk = 0.68).
This is information that the potential probability of the appearance of a non-compliant
prosthesis is close to 0.05. In the case of glycerol and gelatin, the indices of the quality
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Table 2. Requirements for the features of selected parameters for the UG-K prosthesis

Variable Mean StDev Variance CoefVar Min Q1 Median Q3 Max IQR

Water 5.720 1.341 1.799 23.45 2.9 4.80 5.9 6.65 7.900 1.850

Gelatin 17.710 1.553 2.411 8.77 14.0 16.55 17.9 18.95 20.900 2.400

Glycerol 21.312 1.908 3.639 8.95 16.9 20.00 21.2 22.65 25.900 2.650

Fig. 7. Graph of the percentage of glycerol in prostheses from a given order (own study).

capability Pp are quite high (close to 1.3), but Ppk is different from Pp which proves
a shift of the mean value in relation to the nominal value. It is also not a satisfactory
situation.

With such a high risk of non-compliance in the process, the acceptance control plan
based on picking one piece carries a high risk of accepting a batch that does not meet the
requirements. For example, Fig. 9 shows the Operating Characteristic (OC) curve for a
batch of 500 prostheses and the acceptance control plan: sample size equal to 1, Ac= 0.
From the curve, the probability of receiving the batch at a certain level of non-compliance
can be read. It shows that the risk of accepting a batch with a non-compliance level of
4% is as high as 0.96. And with the level of non-compliance: 7% - 0.93.

The conclusion is obvious that the number of measurements should be increased in
order to ensure reliable control. In the analyzed case, it turned out to be impossible due
to a relatively high cost of producing one piece in relation to the size of the order and
the fact that the tests are destructive.

Thus, the only way to improve the effectiveness of the control plan is to minimize
process variability. Therefore, it was decided to analyze the process of producing pros-
theses, in particular the operations in which the content of water, gelatin and glycerin and
their tightness are shaped. On the basis of this analysis, a process of their improvement
was proposed by performing active experiments which would allow to minimize the
variability of critical features, and thus increase the qualitative capability of individual
operations.
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Fig. 8. Indices of long-term and short-term capability for the content ofwater, gelatin and glycerol
in the prosthesis (own study).

Fig. 9. OC curve for the control plan (N = 500; n = 1; Ac = 0) (own study).
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5 Analysis of Factors Affecting the Process

The conducted analysis showed that for all critical features of vascular prostheses, the
most variable distribution of measurements was obtained for the percentage of water
content. The operations in which water, gelatin and glycerin content are shaped are
coating operations, cross-linking operations and drying operations after coating and
drying.

In the case of coating and cross-linking operations, their course consists in immersing
the prostheses stretched on a stand in a solution prepared according to a proper formula in
a special reactor (Fig. 10).Aprocess engineer assessed that the influence of inputmaterial
factors on these operations is small. The only factors here are: correct preparation of the
solution and duration of the operation. These parameters were found to be in line with
the applicable standards.

Fig. 10. Tanks used in the coating process (own study).

A thesis was made that the critical operation in the entire prosthesis manufacturing
process is the drying operation, both after coating and cross-linking. It takes place in
a separate room where wet prostheses are placed for a specified period of time. The
company tries tomaintain a certain temperature and humidity in the room.Unfortunately,
these are not permanent conditions. Therefore, it was decided to analyze the correlation
of room temperature and humidity with the content of water, gelatin and glycerin in
prostheses.

The analysis of the dependence of ambient humidity and water content in prostheses
in the drying process after coating (Fig. 11) allows to conclude that there is a relation-
ship between these features (the value of the linear correlation coefficient r = 0.531 is
statistically significant). The higher the humidity in the room, the higher the water level
in the prosthesis.
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Fig. 11. Diagram of the correlation of the percentage of water and air humidity in the room during
the drying of prostheses after coating (own study).

Likewise, the analysis of the relationship between the ambient temperature andwater
content in prostheses in the drying process after coating (Fig. 12) shows that there is a
relationship between them (the value of the linear correlation coefficient r = 0.634 is
statistically significant). However, the direction of this correlation seems surprising. It
turns out that the higher the temperature, the higher the water level in the prosthesis.
This logically contradicting result may indicate the possible existence of another factor
contributing to the existence of such a relationship.

Fig. 12. Diagram of the correlation of the percentage of water and temperature in the room during
the drying of prostheses after coating (own study).
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Fig. 13. Diagram of the correlation of the percentage of water and air humidity in the room during
the drying of prostheses after cross-linking (own study).

Similar results were obtained in the drying operation after cross-linking (Fig. 13,
14).

Fig. 14. Diagram of correlation of the percentage of water and temperature in the room during
the drying of prostheses after cross-linking (own study).

The results of the analysis make it possible to select room parameters that are not
controlled continuously during the process, andwhich, as one observes, can significantly
affect the content of water in the prosthesis, even indirectly. Hence, they were selected
as one of the factors for the experiment.

6 Active Experiment Proposal

In order to reduce the variability of the percentage of water content in prostheses,
an experiment was planned related to the drying process that most influenced it. As
previously mentioned, the drying process occurs twice during the manufacturing pro-
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cess of vascular prostheses. Especially, the drying process after cross-linking determines
the chemical values of prostheses because it is the last production stage in which the
appropriate properties of the prostheses are given. It is in it that prostheses acquire an
impermeable cover and ultimate flexibility.

In order to verify the nature of the dependencies obtained in the preliminary tests,
a controlled method of carrying out the drying operation after cross-linking and con-
ducting an active experiment was proposed. For this purpose, it was recommended to
use a specialized dryer that would enable an appropriate setting of the analyzed factors.
An example of such a dryer is the UN/UF series laboratory dryer with natural/forced
convection byMemmertGmbH&Co.KG,which is proposed to be used in the enterprise.

This dryer has the function of regulating temperature, fan speed, program time,
humidity, CO2 and O2 concentration. It is also characterized by internal data recording,
an adjustable clock and the Setpoint WAIT function, which ensures the countdown of
time from the moment of reaching the correct temperature. This dryer also guarantees
the appropriate size of the working space, which allows drying on specialized stands. In
the selected dryer, one should fit 4 stands in one dryer.

In the first stage of the analysis, it was proposed to conduct a full factorial experiment
on two levels, which can be further extended, e.g. by an experiment using response
surface plans. From a number of potential factors, the experiments selected were those
that should have the greatest impact on the final percentage ofwater content in prostheses.
These include the previously analyzed temperature of the air-drying prostheses and the
humidity of the air-drying prostheses, as well as a variety of dried prostheses in terms
of size. Table 3 shows the low and high values of the factor levels, selected on the basis
of the analysis of the preliminary test results and the process requirements. Based on
the data from 2020, it is assumed that the proposed intervals should ensure a repeatable
production process, thanks to which it would be possible to increase the capability and
stability of the conducted processes.

Table 3. Factors analyzed in the factorial experiment

Factor Description of the factor Level

+1 −1

A Air temperature 25 °C 27 °C

B Air humidity 35% 37%

C Variety of prostheses in terms of size All are the same Different

For each conducted experiment, the number of prostheses should be constant. In
order to verify the influence of a variety of prostheses on the drying process, a group of
prostheses with different dimensions should be selected for the experiment. In the case
of an experiment where all prostheses are of the same size, prostheses with a diameter of
8 mm are proposed. In a situation where prostheses are to be different, prostheses with
the dimensions of 8mm, 18mm, 14× 7mm, 16× 8mm and 18× 9mm are proposed, as
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these are the most frequently ordered prostheses of the analyzed type. It is recommended
that each experiment should be performed in 2 replications in a randomized manner.

7 Summary

The methods of statistical acceptance control are used to check whether the controlled
batch of products can be considered as compliant with the requirements. This control
is primarily used in the supplier-customer relationship. The parties to the transaction
agree on the acceptable defectiveness of the delivered batch and control on the basis of
a randomly picked sample is to show whether this defectiveness is not exceeded.

Statistical acceptance procedures are passive quality control methods, i.e. methods
used after the completion of technological processes, which do not affect the correct -
due to the quality of performance - course of these processes.

It should be emphasized that the assessment of the quality of a batch of products
on the basis of the results of the sample quality assessment is always burdened with the
possibility of an erroneous conclusion. This error can be of two types:

– type 1 error - consisting in not accepting a batch of products compliant with the
requirements (supplier’s risk),

– type 2 error - consisting in accepting a non-compliant batch of products (recipient’s
risk).

Themeasure of the effectiveness of statistical acceptance is the size of the probability
of making these errors. Its value depends not only on the assumed acceptable batch
quality level but, as shown in the analyzed example, on the actual batch defectiveness.

The analysis of the qualitative capability of the vascular prosthesis manufacturing
process showed that the process is not capable due to the content of water, gelatin and
glycerin. Relating these results to the applied acceptance control plan raises doubts as
to the reliability of the conclusions of the control results.

With low qualitative capability of the process, there is a high risk of non-compliance
in the process. Hence, the acceptance control plan based on picking one piece carries a
high risk of accepting a batch that does not meet the requirements.

The analyzed case shows that when it is not possible to increase the sample size, it is
absolutely necessary to increase the qualitative capability of the process. In the case of
the production of prostheses, the authors proposed to reduce the variability of the content
of water, glycerin and gelatin in the prosthesis by changing the drying parameters after
coating and cross-linking operations.

In the next stage of their research the authors propose to conduct a full factorial
experiment on two levels, which can be further extended, e.g. by an experiment using
response surface plans and determine the most favorable conditions of drying process.
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Abstract. In the last few years, virtual reality technologies have been applied
to training in a variety of field, such as industry or medicine. The use of these
technologies aims to promote interaction therefore improving users learning. This
approach has been found useful in teaching tasks that involve interactionwith risky
tools or procedures. Using VR, the user is in a safe environment while developing
new abilities required for the field he is learning about. This project is focused on
the field of medicine. An immersive virtual reality environment is developed to
teach a basic medical procedure to students at a medical technician school, where
interactive lessons could be attended in a distance modality. This work aims to
be as close as possible to learning in real facilities. Real lessons of the school
are translated to virtual exercises where a score is kept to grade performances
of students. The lessons involve tasks such as reading a patient’s file, practicing
hygiene and comfort techniques and muscle strength tests as a health care activity.
To increase the sense of presence for the students, the facilities where they would
be performing in real life are translated to the rooms of a virtual simulation.

Keywords: Healthcare virtual reality ·Medical simulation · Virtual reality
training

1 Introduction

Virtual Reality (VR) as an education tool is based on the principle of simulation. This
principle is old and common in teaching processes. Simulation is a method or technique
that tries to imitate experiences or processes in education, training, where individuals
can experience feared situations or contexts, without going through the actual event in
real life [1–3]. Mannequin simulation, that is high-reliable in a whole environment, is
being used and managed by many medical schools [4]. Nowadays, using the newest
technologies, simulation in medical field involves a complete environment allowing the
user to interact with them and perform complex procedures such as surgeries [5, 6]

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
F. Gorski et al. (Eds.): MANUFACTURING 2022, LNME, pp. 161–173, 2022.
https://doi.org/10.1007/978-3-030-99769-4_13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99769-4_13&domain=pdf
http://orcid.org/0000-0002-7346-0863
http://orcid.org/0000-0002-1750-3021
http://orcid.org/0000-0002-4822-5685
http://orcid.org/0000-0001-9550-2182
http://orcid.org/0000-0002-8157-5679
https://doi.org/10.1007/978-3-030-99769-4_13


162 L. Neira-Tovar et al.

or endotracheal intubations [7]. Simulation is a principle related to teaching medical
procedures.

Clinic simulation is a brand-new methodology that recreates a devised setting for
experimenting a real event in order to practice, learn, evaluate, prove or acquire a set of
cognitive abilities that compromise a better performance in attention to patients, bringing
the chance to put their knowledge into the test, to grow confidence in their capabilities
by managing different virtual scenarios simulating surgical scenarios, in other words,
clinic simulation is an environment created for experimentation [8–10].

Because of globalization and advances in information technology, there is a need
to change traditional methods as well as transform the landscape of human-computer
interaction with an active new methodology of multisensory and unique perspectives
on the core goals of training and education [11, 12]. For that, medical formation has
been compared with the traditional model, and teaching based on simulation, where in a
clinical essay with real patients, advisor or teachers supervise continuously the alumni to
avoid mistakes and they get to correct them instantly because the integrity and security
of the patient must be assured. Whereas in simulations, errors are permitted for a better
and deeper comprehension in its consequences, rectifying and do the procedure correctly
this time, reinforcing their learning skills [13–15].

It is shown that traditional learning does not always guarantee a complete medi-
cal profile for graduates. To improve teaching in training and developing professional
competences in controlled clinical scenes, medical education programs have been imple-
mented using technologies and software that add up new knowledge and improve quality
in attention and efficiency [16]. We can say that simulation in medical education brings
a safe and controlled environment, where we can interact with knowledge, challenges,
and human factors, it provides an effective way of learning for students. Furthermore,
alumni gain knowledge based on reflection to provide an adequate solution to real-life
situations in medicine. Because of this, simulation has become a useful tool for improv-
ing and learning from mistakes without harming the professional integrity of students
[9, 17, 18].

One factor driving its use has been to prevent risks that can be carried out to real
patients during hospital practices [19]. Another factor is to avoid direct invasion in the
human body, utilizing virtual models for acquirement of new techniques and alternatives
on advanced treatments, where because of its complexity and localization, are difficult
to access with the current medical equipment [20]. Having an individually programmed
learning, acquisition of experience, always having time for analysis and correction of
errors and professional help, have promoted the use of clinical simulators in medical
teaching [13].

As well as for other fields, the aim of a medical simulator should consider the
complexity of the task a user is going to learn, the place where tasks are carried out and
the level of experience of the users. According to David Gaba, simulation of medical
attention has 11 categories: objectives and purposes of simulation activity; participation
unity; participants level of experience, sanitary domain; discipline of participants; type
of knowledge; challenges; attitudes or behaviors; age of simulated patient; required or
applicable technology; simulation site; degree of direct participation; and used feedback
methods [1, 20]. The design of a virtual simulation is based on many factors.
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Simulators can be applied to simple or complex procedures. There are specific sim-
ulators such as surgical simulators, where doctors train themselves with the latest tech-
nology that goes from suture practices to intervention of surgical robots. High-reliable
simulators in the specialty of laparoscopic surgery, neurosurgery, endoscopic surgery,
trauma surgery, cardiac surgery, and surgical intervention. They contain integrated learn-
ing curricula, statistical reports based on performance, such as numbers or movements,
and screen recording for evaluation and teacher reporting purposes [8]. However, simu-
lation can be applied to simple procedures such as getting to know the facilities or tools
medical personnel will be using. This last approach is applied when there is no previous
experience in the field [21]. Either for complex or simple procedures, VR simulations
can be applied inmedicine. Some elements for user interface are taken from other studies
as [22].

The aim of this work is to propose and implement a VR environment for learning
medical procedures of a medicine high school to the students. As a technical school,
students who finish one of the many programs of the school can later work in the field.
In consequence, getting practical knowledge is as important for students as theoretical
knowledge. In recent years, the COVID-19 Epidemic has limited access to the real
facilities of schools, therefore making it hard for the students to get practical skills.
Virtual reality approach can help the students practice those skills from home in a close
way to real practice. The simulator proposal includes introduction to basic procedures
such as reading a patient’s file, protocols for taking care of a patient and validation of
muscular strength. VR simulators can help learners to get practical skills from home.

2 Method

The development of the project is distributed in two main stages: conceptualization
and design implementation. This method is shown in Fig. 1. This is related by some
concepts to Design Thinking (DT), a process to create products, which involves steps
as understood, observation, defining the point of view, creating ideas, prototyping, and
testing [23]. To create scenes and interactions of virtual environments, development
teams need to clarify what should be included as content or view to be a useful tool.

2.1 Conceptualization

The conceptualization stage involves developers getting a general view of the type of
projects, the get knowledge from experts related to the specific content of the current
project. From background research, a team can identify desirable and undesirable ele-
ments in user interaction from another VR simulator applied to the same field. By
including the expert experience of someone who knows the real exercises of the target
audience, the content will be optimized for the learning of the target audience.
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Fig. 1. Methodology used in the development of medical lessons.

Background Research: Development teams must have knowledge of similar projects
to the ones they will be carrying out. The use of a research process can be useful to find
those related projects. For this case, research to find scientific articles about different
medical simulators was made. The research includes database engines as IEEE Xplore,
Springer, and Google Scholar. From the found literature, The research focuses in three
sections of each paper: design proposal, discussion, and conclusions. In the first section,
the team identifies good practices of simulators from previous projects. However, from
the other two sections, the teams identify what other teams considered useful for learning
or things that should have been implemented in a differentway.At the end of the research,
the team knows common elements included in this type of VR training tools.

Expert Experience: The experience of expert helps to the simulation content definition.
For the training tool to be useful, it needs to be related to the content of the exercises the
students would be performing with real training. It also requires giving instructions in a
proper way for the audiences expected to use the tool. In this case, the experts that will
help with insights into the content are teachers at a medical high school. In this step,
sessions between teachers and developers will be carried out. The aim of this session
is to establish goals and objectives, and a sequence of actions for each exercise of the
training tool. Based on their experience, there is a definition of what the user is supposed
to do for getting or practicing a skill.

2.2 Design Implementation

After the conceptualization stage and the meetings with experts, the design process
begins. The development team starts creating different sketches of the views, the user
interface, the sequence of the simulation and the available user inter- actions [24]. The
team divided design into two steps: scene design and interaction design. The first step is
related to the viewof theVRenvironment.Once the viewwas complete, interactionswere
included following the defined logic of each exercise of the medical high school. Once
there is knowledge of the content the VR environment should have, the development
team focuses on design tasks.
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Scenario Design: For the different exercises of the VR simulator, some rooms and
objects were required. The environment should include common rooms of a hospital
like the waiting room, a room for patients and an office where patients can be examined.
Additional models, including a 3D model of a patient and hospital objects are included.
In the case of the design of 3D models are required for each scenario used 3D Max and
Blender software. For the design of the icons and backgrounds, Photoshop CC 2018 was
used. In this stage of design, views of the environment are created.

Exercises Design: This exercise consists of three practices where different medical
procedures andmethods for patient care (Fig. 2). The tools used consist ofUnity software
version 2019. 4. 17f1, in which the C# programming language and Firebase database
were to record data from results of students.

Fig. 2. Flow that occurs in the application from the beginning of the application to the qualification
that occurs in all practices.

The aim of the simulator is to record data from students. At the beginning of the
practice, you have a main menu with the main options starting the practice. When a
user starts, the student must enter his name and license plate. In a database, scores
and attempts for each practice are stored. Getting information from students can give
information to the teacher of improvement areas.

Each exercise focuses on one aspect of interaction with patients. The first exercise is
intended to test essential actions for patient safety in medical care (Fig. 3a). This action
involves reading patients file, and identify risk levels, hygiene and security standard
protocols, and monitoring actions. Here the primary aim for the student is to ensure the
safety of the patients. On the other hand, the second exercise focuses on meeting the
needs of hygiene and comfort of the patient (Fig. 3b). This hygiene care also involves
reducing bacterial colonization and prevent skin and mucosal lesions. The last exercise
of the proposal is related to a specific process: the Lovett Technique for muscle strength
evaluation (Fig. 3c). The Lovett Technique involves an initial evaluation by extending
the knee, and a student must learn what to evaluate that movement and if there are
necessary additional evaluations. The three exercises include different actions that the
students learned by real practice.

We used the Acer Mixed Reality Headset equipment to build our simulator. The
learner can move and interact with the environment; they can take a history, examine,
investigate, diagnose, and treat the patient.

There are additional requirements implemented in design. A web version will be
maintained for a wider reach to the student body. This simulator is expected to meet the
requirements for recording information and generating reports, in addition to keeping
track of and facilitating the search for information. Several addition requirements were
also implemented.
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Fig. 3. Activities to be carried out in lesson 1 (a), lesson 2 (b), and lesson 3 (c).

3 Results: VR Training Tool

3.1 Environment

Three rooms were designed (Fig. 4), one per exercise. During the first exercise, an office
with a waiting room was chosen for the students to apply the knowledge acquired, as
shown in Fig. 4a. In the second practice, a patient room was used to carry out the actions
of hygiene and comfort of the patient (Fig. 4b). Finally for the setting of practice 3, the
office of Fig. 4c, where the patient can be examined, was created.

3.2 Exercises

In the first practice, a questioning of the essential actions for the care to be given to
patients was conducted. This scene consists of a waiting room where you can see the file
that will be seen, as well as a clinic for the patient’s check-up to be seen. Figure 5 shows
at the bottom the tasks you need to perform, as well as an example of the questionnaire
that you perform.

The second practice is performed in the patient’s room where the student should be
able to verify the medical, oral practice, oral cavity, shaving, bed bathing of the patient,
skin assessment, proper use of body mechanics leaves, bed laying and be able to the
patient in a comfortable state (Fig. 6). And the last practice is carried out in the office
where the muscle assessment is carried out considering the evaluation scale (Fig. 7).
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Fig. 4. The scenery was based on a hospital where each lesson takes place in a different depart-
ment. 3D Representation of different sceneries in the VR Simulator: a) Waiting Room, b) Patient
Room, c) Doctor’s Office.

Fig. 5. In this question you must read the patients file and identify risk level and analysis of
sentinel events, adverse events, and near-misses.
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Fig. 6. The student must relate the columns using the principle of body mechanics.

Fig. 7. This lesson reinforces the knowledge of the muscle assessment procedure, considering
the muscle assessment scale.

There is data recorded for evaluation. Once the practice has started, a timer and the
student’s data are displayed at the top of the screen. In the practices, questionnaires
were introduced, consisting of selecting the correct order of the steps of the procedure,
multiple choice questions, interacting with the characters, memory games and selection
of materials to be used. When the practices are completed, a phrase of completion of
the practice and the score obtained is displayed along with the number of attempts made
(Fig. 8). Students are evaluated in a virtual environment.
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Fig. 8. Score screen: each question is displayed inside a square marked in green, when correct,
and red when incorrect. Bottom text shows the score of the practice.

3.3 Experimental Setup

A small group of students participated in a pilot test. A survey was conducted to assess
the video game’s design and explanation of actions, as well as the effects of learning
competency using VR learning methodologies.

The questionnaire covers two categories: feedback and heuristic testing. First cate-
gory has 13 questions and respondent used Likert scale from one to ten for feedback,
where one to ten scale with one implying ‘very difficult’ and ten being ‘very easy’. And
in the second category has 15 questions and it is used Likert scale but in this one we use
a scale of one to three, where one implying ‘strongly disagree’ and ten being ‘strongly
agree’. On average each participant spent fifty minutes to finish all the practices VR
experience (Fig. 9).

Fig. 9. The amount of time it took students to complete one practice.

Figure 10 shows the bar chart showing the level of agreement regarding achieving
practice objectives. In this section, 83.3% of the students strongly agreed the lessons
achieve the intended goals. Followed by 16.7% who believe they are barely satisfied.
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Fig. 10. Bar chart, levels of agreement on achieving practices objectives.

Figure 11 the bar chart depicts the motivation to complete the dynamics of the
practice. We can see that 66.7% of the pupils were very driven, while 33.3% simply
finished the practice out of obligation.

Fig. 11. Bar chart, levels of agreement on motivation for completing the dynamics of practice.

And in the Fig. 12 illustrates the students’ enthusiasm for this application 33.3% of
students strongly favor this portion. Following that are 16.7% who like it a lot, 33.3%
who like it, and 16.7% who simply like the experience.

Fig. 12. Bar chart, levels of enthusiasm the pupils were about studying using this innovative way.
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4 Discussion

As an environment based on the experience of teachers, this method can be useful to
develop tools focus on learning skills of the target audience: the students and the health
assistance personal. The exercises implemented in VR are based on real training the
students receive when training in medical school facilities. Some suggestions from pro-
fessors were considered based on their experience training previous groups of students.
However, this environment is jet a proposal. Usability testing, as well as learning tests,
is required to evaluate how effective the tool is for learning and what improvements are
needed. Testing should be considered in the future work of this project. Experience of
teachers can help improve a virtual training environment but testing and improvements
are needed for tools to be useful.

The proposed environment may be too specific for the target audience. This project
was developed in collaborationwithmedical high school professors to help students learn
required field skills from home. The different exercises and the rooms implemented in
this proposal are based in detail on the real facilities. If the proposal is proven useful
in later work and then applied to other institutions, results may not be as good as in
the original school. The concept of each exercise is general and can be used by other
institutions. However, static design may need some changes to be more general in the
future. If static design is specific, students relate virtual and real world, so it is easier to
translate what they learn in a virtual environment to real life. When generic scenarios
are used, the learning process should be improved by adding other tools. There are
improvements to the proposal design when new objectives arrive.

5 Conclusion

Starting from academic purposes such as surgical simulators, even being able to improve
hospital service andmedical studies. Although, even knowing all the benefits and advan-
tages that the implementation of these technologies has over other methods, there are
still technological barriers because hardware and software are expensive, and expertise
is limited. In the future, this will be broken down further [25].

Today, there are many institutions that use VR and have implemented it properly in
their system, and this and many other reasons are the ones that led to the realizations of
this project to introduce Mexico and improve health services in the country. It is hoped
that practices that are capable of giving students greater confidencewhen treating patients
can be realized later, as well as strengthening theoretical knowledge in a simulated
environment.

In the future, there will be many opportunities for virtual, augmented, and immersive
reality applications to create more detailed VR interventions that can be combined with
other technologies such as artificial intelligence, wearable sensors, and Big Data [26].
These technologies must be implemented in clinical practice, they may face layers of
barriers, such as the cost of hardware, construction, integration of system software and
hospital database, actual use of clinical equipment for used equipment and user-friendly
and long-life span. The long-term use of these devices will affect the health of users,
staff training in the introduction of new technologies, the skills required by the medical
staff, etc., are potential problems and challenges in the future.
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