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Investigation of the potential of additive manufacturing in hand surgery
Master Thesis Report
DIMITRIOS ZARKADAS
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
A broken wrist is a common injury after a fall. In most cases, wrist fractures heal
uneventfully. However, in some patients, the forearm bones, radius and/or ulna,
heal in the wrong position, resulting in deformations. These deformations can lead
to a loss of range of motion (ROM) and pain in the wrist. In such cases, corrective
surgery is necessary.
Precise cutting of the bone and insertion of the surgical plate that holds the bone
together after surgery can be aided by custom surgical parts. This is where additive
manufacturing (AM) for biomedical applications offers great potential for customized
solutions according to the patient’s needs. Surgical guides help place cuts and
holes in the right places during surgery. Those guides can be developed during
the planning phase and manufactured using polymer AM. For deformities, where
the standard plate does not fit well enough to allow full mobility of the wrist after
surgery, surgical plates that hold the bone sections in place can be tailored to the
specific patient and fabricated with metal AM.
Through a case study, this Master’s thesis explores and develops application strate-
gies of AM solutions in reconstructive wrist surgery aiming to create a common
link between surgeons and AM engineers. Current practices and the state of the
art in wrist surgery are explored, in combination with potential AM solutions. An
evaluation of the entire design and manufacturing chain is performed, including con-
sideration for the unique aspects of biomedical applications such as biocompatibility
and sterilization of the material. A parametric model of a metal surgical plate is
designed and evaluated for use in the case study. Finally future developments re-
quired to fully implement the design and processing chain in the medical field are
highlighted as well as the cases in which AM can be beneficial.

Keywords: additive manufacturing, reconstructive wrist surgery, surgery planning,
AM biomedical applications, parametric modeling.
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1
Introduction

In this chapter, the background, the aims and the research questions as well as the
limitations of the technology and the scope of the project will be presented.

1.1 Background

A broken wrist is a common injury after a fall. In most cases, these fractures heal un-
eventfully. However, in some patients, the forearm bones grow together incorrectly,
resulting in deformed wrist bones. These deformities can lead to loss in range of
motion (ROM) and pain in the wrist. In such cases, corrective surgery is necessary.

Precise cutting of the bone and insertion of a surgical plate that holds the bone
sections together after surgery can be aided by custom surgical parts. Here, ad-
ditive manufacturing (AM) for biomedical applications o�ers great potential for
customized solutions according to the patient's needs. Surgical guides that help
place cuts and holes in the right places during surgery can be developed in the
planning phase and manufactured with polymer AM. For deformities that require
more complicated adjustments to maintain full mobility of the wrist after surgery,
surgical (metallic) plates which will be implanted to hold the cut bone sections in
place can be tailored to the speci�c patient and fabricated with metal AM.

Preoperative planning is required to create custom-made surgical guides and im-
plants. 2D planning uses X-ray images to prepare for the procedure. Today, there
is also 3D planning, which uses 3D models generated from Computer Tomography
(CT) to visualize the procedure and create patient-speci�c solutions. 3D planning is
done in collaboration between surgeons and engineers. Both work closely together
to design and manufacture patient-speci�c parts. This collaboration can often be a
challenge because the two groups have di�erent backgrounds and require common
knowledge to solve the problems.

1.2 Aims and Research questions

This Master's thesis aims to investigate the potential of additive manufacturing in
the �eld of reconstructive wrist surgery by means of a case study. The aim is to
identify and break down the whole manufacturing chain into individual steps and
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1. Introduction

evaluate them with an open mind to identify weaknesses, limitations and opportu-
nities. It also aims to propose a process chain that meets the needs of surgeons,
engineers and leads to overall better solutions for the patients. Additionally, this
work aims to identify the current constraints and the future steps needed for imple-
menting AM in 3D planning and surgery.
This thesis aims to answer to the following questions regarding the potential of
additive manufacturing in hand surgery:

1. What is the potential of AM for the patients, surgeons, and healthcare orga-
nizations (cost-quality of medical services)?

2. What is the possibility to create an in-house manufacturing chain for this
application, which AM techniques are suitable and what is the potential of an
AM custom made �xation plate?

3. In which cases can AM be bene�cial?

1.3 Limitations

The duration of this master thesis was 20 weeks including the time for writing
the planning report. This time frame limits the cases that can be evaluated and
analyzed. In addition, there was no possibility to perform a study on patients
operated with conventional or AM-based preoperative planning. The focus will be
on a real case provided by the supervising surgeon, to serve as a case study. Due
to biomedical regulations, the analysis of the possible component designs and the
respective process chain will be limited to simulations.

1.4 Scope

In this thesis, several methods were used to investigate the topic. Firstly, a literature
review is conducted to explore the current practice and state of the art in the �eld
of reconstructive wrist surgery. At the same time, qualitative methods such as
interviews and observations will be used to gain a better understanding of the whole
process chain and the needs of the stakeholders. Afterwards, a case study will be
investigated step by step to highlight the problems, challenges and potential of AM
in the process.
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2
Theoretical background

In the following sections, the necessary knowledge for this thesis is presented. First,
an introduction to additive manufacturing and the major AM technologies used
in biomedical �eld will be given, followed by an introduction regarding the wrist
surgery and how preoperative planning and wrist surgery is done these days.

2.1 Additive Manufacturing

Additive manufacturing (AM), also known as three-dimensional (3D) printing, is
the process of producing a three-dimensional object from a Computer Aided Design
(CAD) �le. While conventional manufacturing is typically referred to as subtractive
manufacturing, where material is removed from a larger block until the �nal shape is
achieved, AM involves adding material in a layer-by-layer process. In AM, material
is applied, solidi�ed, or bonded to create a three-dimensional object. The materials
used in AM range from metals and polymers, to ceramics, composites and bio-based
materials. [1].

AM o�ers a high degree of design freedom and (depending on the chosen method)
excellent detail resolution, which makes it an interesting method for biomedical
applications. The categories of biomedical applications are tissue sca�olds, cell
printing, prosthetics and implants. Speci�cally for prosthetics and implants, AM
processes of highest interest include material extrusion, often referred to as fused
deposition modeling (FDM), laser based powder bed fusion (LB-PBF), electron
beam powder bed fusion (EB-PBF), VAT photopolymerization, material jetting and
binder jetting technology (BJT). Each AM process has di�erent set of advantages
and speci�c applications and is therefore suitable for speci�c biomedical applications.
[1]

2.1.1 Fused Deposition Modelling

Fused Deposition Modelling (FDM), is the most widely used AM process. As shown
in �gure 2.1, during the process, material is extruded following a path that maps
each layer of a 3D model. The material is extruded by forcing it through a hot noz-
zle. The �rst layer is placed on the build platform. The next layers are placed on
top of the previous layer. In order to create certain geometries, support structures
must be made at the same time as the main 3D model. These support structures
ensure that the geometry of the 3D model can be created without any problems.

3



2. Theoretical background

The support structures can be made with the same extruder/material as the main
model, but there are also designs that use a di�erent nozzle that is only used for
printing support structures. If the same material is used for the support structures,
the removal is done by breaking the structures. If a di�erent material is used, it is
possible to use support structures that can be dissolved in warm water or speci�c
chemicals [2, 3].

Components can be created using this process with a variety of materials such
as plastics, composites, biomaterials, and even metal by using �laments that are
approximately 80% metal powder [2]. In this thesis the FDM process is used for
the creation of prototypes of bones and guides that serve to visualise, control and
justify the designs that are created.

Figure 2.1: A representation of the FDM manufacturing process. Courtesy of
E.Hryha, MTT120 lecture slides.

2.1.2 Powder Bed Fusion

Powder Bed Fusion includes Laser Based PBF (LB-PBF) and Electron Beam PBF
(EB-PBF) [2]. These processes are based on the same principle that includes a build
platform where a power source melts a thin layer of metal powder that is spread
on it. These technologies have been developed to produce functional components
in stainless or maraging steel, aluminium, titanium, and more. Nowadays, there is
a signi�cant focus on developing new materials that are compatible with existing
machines to extend the method's capabilities.

4



2. Theoretical background

2.1.3 Laser Based Powder Bed Fusion

Figure 2.2: A representation of the LB-PBF manufacturing process. Courtesy of
E.Hryha, MTT120 lecture slides.

As shown in �gure 2.2, metal powder is spread over a build platform using a material
spreading roller or recoater. Once covered, the laser beam or beams (depending on
the machine's capabilities) selectively melt the powder, creating a solid layer. The
build platform is then lowered a prede�ned distance, which represents the layer
thickness, typically 0.02-0.08 mm. After each layer is formed, the recoater moves
and creates another layer of metal powder. The excess powder is collected in a loose
material chamber. For a build to be successful, there must be enough powder for
each manufacturing process. Support structures are required to be able to build
overhanging features, anchor the part to the build plate and also to ensure that the
heat generated is conducted away from the part.

2.1.4 Electron Beam Powder Bed Fusion

Electron beam powder bed fusion (EB-PBF) uses an electron beam instead of a
laser as the energy source, which requires the process to operate in a vacuum. Ad-
ditionally, this process uses a high manufacturing temperature [2]. Since it is a hot
process, the powder surrounding the solid part is partially sintered. This creates
a so-called block of caked powder around the part. The schematics of an EB-PBF
machine is shown in �gure 2.3. After cooling, the build chamber is removed from the
machine and transported to the next processing step, which involves removing the
extra powder. Supports have a di�erent function in EB-PBF; they are not needed
to anchor the part, but are required to dissipate heat from the component. The
layer thicknesses used in EB-PBF are greater compared to LB-PBF at 0.05-0.2 mm,
which can result in a coarser surface �nish.[3]. In some applications, such as hip im-
plants, this rough surface is an advantage over other AM methods because it allows
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2. Theoretical background

bone ingrowth. If the part needs polishing, conventional mechanical or wet-chemical
processes are used [2].

Figure 2.3: A representation of the EBM manufacturing process. Courtesy of
E.Hryha, MTT120 lecture slides.

2.1.5 Binder Jetting Technology

Binder Jetting Technology (BJT) is a powder based AM technology that uses inject
printer heads to depose a liquid binder to solidify the parts of the powder. As seen
on �gure 2.4, similar to FDM and PBF processes, the parts are created layer by
layer, by lowering the build platform after each layer until the part is completed.
The unique aspect of Binder Jetting is that the part that is removed after the
print/build is not the �nal component. In metal BJT, the 'green' part is fragile and
needs to be sintered to reach required mechanical properties. The advantage of this
process is that it is relatively fast and several di�erent materials can be used such
as metals and polymers [2, 3, 4].
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2. Theoretical background

Figure 2.4: A representation of the Binder Jetting manufacturing process.
Courtesy of E.Hryha, MTT120 lecture slides.

When metal powder is used, sintering is required to acquire the full properties. The
post-processing �rst includes the excess powder removal, following by the removal
of the binder material. After this, printed parts are sintered at the sintering tem-
peratures (75-90% of the melting temperature of the main alloy) so that solid-state
di�usion takes place. The sintering process leads to shrinkage (10-20%) [4] of the
parts. Support structures for Binder Jetting are not required during the printing
process, however, are sometimes used to assure geometry and tolerances of the com-
ponent during the sintering step.

2.1.6 VAT Photopolymerization

VAT Photopolymerization creates parts using liquid resins that are cured by using
UV light. The main technologies are stereolithography (SLA) and continuous Liquid
Interface (CLIP) [2]. VAT Photopolymerization uses a UV laser or Digital Light
Processing with a UV light source to cure (harden) a layer of resin. The layers are
placed on top of each other, similar to other AM processes. The build plate is in
a tank of resin, and after one layer is cured, it is moved slightly to allow the next
resin layer to spread see �gure 2.5. Depending on the machine, the build plate can
move upwards or downwards during the process. Support structures are required
for special geometries such as overhangs with a speci�c angle with respect to the
build plate. This angle can di�er from machine to machine and resin to resin.
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2. Theoretical background

Figure 2.5: A representation of the VAT Photopolymerization manufacturing
process. Courtesy of E.Hryha, MTT120 lecture slides.

After the build, the excess resin needs to be removed which is typically done using
isopropyl alcohol (IPA). Additional UV light or natural light exposure can further
enhance the properties of the component. Any support structures that were required
during the build and were not incorporated into the component design need to be
removed [5].

2.2 The wrist

The wrist can be described as the joint between the distal (further away from the
body) aspect of the forearm and the proximal (closer to the body) aspect of the
hand, and connects the hand to the forearm. The wrist contributes to the e�ec-
tiveness of the upper extremity. The wrist joints allow the hands to be placed in
an in�nite number of positions with respect to the forearm while locking the hands
with respect to the forearm to transmit the forces generated by the muscles. The
bones of the wrist are presented in image 2.6. Loss of mechanical integrity of the
wrist results in loss of function of the hand and consequently diminished the overall
function of the upper extremity [6].

This thesis focuses on fractures of the distal radius. Generally, those types of frac-
ture occur during a fall onto the outstretched hand. The forces required for a distal
radius to fracture vary from 1050 N to 4400 N. The mechanism of fracture is not
clear, but studies show that the radius can fracture due to stresses on its palmar
surface. The mechanism of fracture can also vary depending on the age of the pa-
tient because bone may be osteoporotic [7].
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Figure 2.6: Skeletal hand and wrist, dorsal view. [6]

Depending on the type of distal radius fracture, there are several methods of treating
the patient. If the fracture can be considered stable (no displacement between the
two fractured bone fragments), a cast may be used to stabilize the wrist and help
the fracture heal. If the fracture would be considered unstable, internal or external
�xation is performed. As seen on �gure 2.7, �xation is used to hold the two fragments
of bone in an optimal position that will lead to healing after a period of time, usually
six weeks. Internal �xation is done surgically by inserting plates, screws, or pins to
hold the bone fragments in place. The above components are not usually removed
after healing, unless irritation causes discomfort or pain for the patients. Compared
to external �xations, internal plating may allow for earlier mobilization and the
use of a less complicated cast. A disadvantage is the possibility of irritation of
tendons near the components. The above risk can be reduced by thinner pro�le of

9



2. Theoretical background

newly developed plates and could potentially be optimized through patient-speci�c
solutions [8, 9].

Figure 2.7: Left, cosmetic deformity of a broken wrist. Right, a metal plate that
stabilizes the fracture. [7]

In cases where wrist fractures heal uneventfully resulting in deformity, surgery and
correction of the deformity by internal �xation may relieve the symptoms such as
decreased ROM, pain, instability and cosmetic deformity. Preoperative planning
and patient speci�c surgical guides can be used to perform the surgery. Using 3D
planning techniques has the potential to improve intraoperative accuracy, reduce
surgery time, reduce stress during surgery, treat complex cases, reduce radiation
absorbed by the human body during surgery (�uoroscopy), and ultimately allow
complex corrections that may not otherwise be possible.

2.2.1 Pre-operative planning

Pre-operative planning is the process of visualizing the process of the surgery. At
this stage, the geometry of the correction is determined, as well as the tools and
implants to be used. In the following sections, both 2D and 3D planning techniques
are presented.
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