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SUMMARY

Summary
An ankle-foot orthosis (AFO) is a medical aid that 
helps individuals with deficient walking patterns 
achieve a more natural gait. There are various types 
of AFOs prescribed for different reasons. This thesis 
specifically focuses on passive dynamic ankle-foot 
orthoses (PD-AFOs) and even within that branch 
a very specific type: the carbon dorsal leaf spring 
orthosis. This type of AFO leverages the body’s 
biomechanics and gravitational forces to store and 
release energy at precise phases of the gait pattern, 
helping to restore some of the ankle function. 
Furthermore, they address the issue of excessive 
plantar flexion during the swing phase of gait, which 
can result in foot drop or an undesirable foot-
slamming motion. 
 
To ensure optimal fit and functionality, these 
orthoses are custom-made to provide the best fit for 
the lower leg and foot of each individual. Currently, 
the manufacturing process for these orthoses 
involves labour-intensive carbon composite layering 
techniques, which require significant effort and 
expertise. 
 
An alternative AFO concept was designed, which 
aims to replicate the behaviour of existing 
carbon dorsal leaf spring orthoses using SLS-3D 
printing. This direction was explored as additive 
manufacturing excels in one-off production and 
eliminates the need for manual labour, offering cost-
effective and efficient production of personalized 
items. This case is therefore carried out for the 
companies Parts on Demand, a selective laser 
sintering (SLS) 3D-printing company, and Livit 
Ottobock Care, an orthopedics company, to further 
investigate the feasibility of such an orthosis. 

 

This study involved multiple design iterations, 
primarily focused on the stiffness behaviour of the 
AFO to create a novel SLS printable design that 
exhibits similar stiffness characteristics and gait 
influence compared to the existing carbon dorsal 
leaf spring AFOs produced by Livit Ottobock Care, 
whilst maintaining comparable weight and cost.
 
A model was created to parametrically refine SLS 
printable AFOs based on scanned lower leg and 
foot data for repeatable results using different feet. 
Subsequently, prototypes were fabricated using this 
model to validate the quantitative stiffness behaviour 
and qualitative correction of user gait resulting in an 
orthosis with a comparable function to the baseline 
carbon dorsal leaf spring orthosis.

Initial results seem promising for the feasibility of 
SLS printing PD-AFOs, but requires further validation, 
as many aspects related to their longevity were 
excluded from this study. These factors include 
its fracture resistance over longer periods of time, 
whether stiffness fatigue will occur, or how the AFO 
will behave mediolaterally. Nonetheless, producing 
an SLS-printed orthosis can provide benefits in 
the long run which for example include not only 
customized and well-fitting orthoses but also 
tailored stiffness characteristics for each individual, 
enhancing the function of the ankle and foot during 
walking. However, it is important to note that 
research in this area is currently insufficient.
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GLOSSARY

Anisotropic
Bilateral
Cadence

Extension
Flexion

Gait
Gait analysis

Isotropic
Mediolateral stability

Muscular dystrophy
Step

Stride
Unilateral

(of a material) Has physical properties that differ depending on the direction of the material
Both sides (usually of the body)
Walking steps per minute
Opening of a joint (increasing the angle between two bones)
Closing of a joint (decreasing the angle between two bones)
A person’s manner of walking
An assessment of the way a body moves
(of a material) Has physical properties of the same value from different directions
The ability to balance yourself whilst walking
Muscle disease caused by mutations of the genes
Half a gait cycle
A full gait cycle
One-sided (usually of the body)

-
-
-
-
-
-
-
-
-
-
-
-
-

AFO
AM

BRUCE
CAD
CAM

CarbonLW
CNC
FBD
FDM
FEA

MTP
PA11

PA11GF
PA12

PD-AFO
PVP

ROM
SLS
SVA

Ankle-foot orthosis
Additive manufacturing
The Bi-articular Reciprocating Universal Compliance Estimator
Computer-aided design
Computer-aided manufacturing
Carbon reinforced Polyamide 12 
Computerized numerical control
Fused deposition modelling
Free body diagram
Finite element analysis
Metatarsophalangeal joint
Nylon 11 or Polyamide 11
Glass filled Polyamide 11
Nylon 12 or Polyamide 12
Passive dynamic ankle-foot orthosis
Premium vapour polishing
Range of motion
Selective laser sintering
Shank vertical angle

Terminology

Abbreviations
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-



- 7 -

GLOSSARY



- 8 -

INTRODUCTION

Assignment
An ankle-foot orthosis (commonly referred to as an AFO) is a wearable aid that improves walking patterns 
by reducing, preventing or helping the movement of the lower limbs to stabilise joints, support weak muscles 
and in general control the range of motion in the foot and ankle (figure 1)[1]. It is a supportive device that is 
strapped on the lower leg and extends into the shoe underneath the plantar surface of the foot. The need to 
wear an AFO usually results from an underlying condition such as nerve damage, brain/spinal cord problems, 
muscular dystrophy or an inherited condition[1], [2].

Off-the-shelf prefabricated orthoses are commonly used in the short term for an improvable condition. 
However, more commonly a long-term patient-specific AFO is needed as many ergonomic complaints arise 
when the device needs to be worn for longer periods. This project will focus on this second type of AFO. The 
current production methods of these AFOs consist of many manual labour-intensive steps. This is especially 
true for the dynamic AFOs with higher stiffness values as these require cutting and applying multiple layers of 
carbon fibre.

An alternative may be to introduce a more automated production process using 3D-printing[3]. This case is 
therefore carried out for the company Parts on Demand, a selective laser sintering (SLS) 3D-printing company 
for industrial parts. They, in collaboration with Livit Ottobock Care, an orthopedics company, have set up 
this case to explore the possibilities of manufacturing a SLS printable AFO providing a comfortable walking 
experience.

Livit Ottobock Care already has CAD files of all their clients and currently uses these to mill a positive cast of 
the lower leg and foot. This is consequently used for the manual application of either vacuum-formed plastic 
sheets or carbon layering. An alternative to this process may be to directly go from CAD to AFO through SLS 
printing.

Designing an orthosis using SLS printing as a starting point provides new design opportunities in terms of 
its form freedom. SLS-printed AFOs are deemed promising rigid orthoses with potential benefits like a better 
fit or customizable stiffness[3]. Compared to traditional orthopedic aids, 3D-printed AFOs can provide a more 
consistent product and a better distribution of pressure on the skin which results in a more comfortable 
device. However, 3D-printed orthoses are in the early stages of development and further research is needed 
in terms of their required strength and desired stiffness as they are still prone to fracturing due to the forces 
exerted at certain points when worn[4].

3D-printed othoses are also not yet widely employed as the hardware is considered to be too expensive and 
many parties are waiting for further validation of methods and materials before investing[5]. Parts on Demand 
in collaboration with Livit Ottobock Care is in a viable position to further explore this field, as they have the 
orthopaedic knowledge and hardware. Therefore it is researched in this project if a strong, patient-specific 
SLS-3D printed dynamic ankle-foot orthosis can be a viable alternative to the existing carbon dynamic AFOs 
currently being produced.

The full project brief can be found in Appendix A.

figure 1: An ankle-foot orthosis designed by Livit Ottobock 
Care
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Parts on Demand

Livit Ottobock Care

Parts on Demand is an industrial selective laser sintering (SLS) production service company located in 
Utrecht. They specialize in fast series, one-off or repeatable production providing near isotropic high-strength 
3D-printed parts. Parts on Demand actively assists clients in optimizing their products for SLS printing, 
enhancing their suitability and performance [6].

Parts on Demand can produce parts in various materials with multiple post-processing steps available to 
provide smooth, rough or coloured parts. They have experience with printing medical products such as 
custom-made braces or dental products and have ISO 13485 certification for the production of medical aids 
which makes it an ideal company to collaborate with an orthotics company[7].

They continue to introduce new printable materials and are continuously improving their printable repertoire. 
This case was partially set up because of recent innovations over at Parts on Demand through introducing 
new carbon-infused lightweight materials and the introduction of a more sustainably sourced material with 
increased material properties compared to the current standard.

“There’s 3D-printing, and 3D-printing. We know the difference.”

Livit Ottobock Care is a Dutch orthopedics company, a part of Ottobock located in Dordrecht. With over 
90 years of experience, Livit is dedicated to enabling mobility and promoting independent and unrestricted 
movement for all individuals.[8]

Livit is an orthopedic instrument maker producing a broad assortment of orthotic and prosthetic aids. They  
have a network of over 400 facilities in the Netherlands and produce their devices locally to ensure quality 
and fast delivery times. 
 
They are collaborating on this project because of their aim to introduce more automation in the orthotics 
sector. They aim to move towards a more digitized future and slowly make the transition from more 
physically oriented labour and skill towards automation. They also already have a work flow that can, with 
minimal adaptation, suit the production of SLS-printed Ankle-foot orthoses and have a history of working 
together with Parts on Demand in the production of various other orthotic devices.

“Voor je lijf. Voor je leven.”
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Ankle-foot orthoses
There is a broad range of ankle-foot orthoses. A 
distinction that has to be made is that an orthosis 
is not a prosthetic. A prosthetic is an artificial 
replacement for a limb or body part that is missing. 
An orthosis is an externally wearable aid that 
replaces or aids the function of a limb or body part, 
not replace it. An ankle-foot orthosis is a type of 
brace that is worn below the knee on the lower leg 
onto the foot[1]. This thesis will solely focus on this 
kind of orthosis and will commonly be abbreviated to 
AFO.

The need to wear an AFO is a result of a diagnosed 
deviating walking pattern where discomfort is 
experienced. A common condition for the prescription 
of an AFO is foot drop. This is a general conditional 
term where it is difficult for to lift the front part of 
the feet and thus drag their feet on the ground when 
they walk. It is seen commonly with people suffering 
from Charcot-Marie-Tooth disease, Cerebral Palsy, 
Spina Bifida, spasticity or stroke[1], [9]. Foot drop is in 
these cases caused by weak muscles, paralysis of 
muscles or nerve injuries/problems. It is consequently 
corrected by the ability of the AFO to correct the 
ankle angle.

Aside from foot drop, AFOs serve other purposes. 
They can provide mediolateral stability by limiting 
the inversion and eversion of the foot, to prevent 
toe walking or to correct the position of the knee to 
name a few. Usually, a combination of conditions 
is diagnosed and the best-fitting orthosis type is 
prescribed.

Different	types 
Ankle-foot orthoses can be divided into two 
classifications: prefabricated(or off-the-shelf AFOs) 
and custom-made AFOs. Prefabricated AFOs are 
mass-produced products based on average foot size 
groups. These orthoses are commonly used in the 
short term for an improvable condition. While they 
are less expensive, custom-made AFOs are generally 

recommended for better results and fit, especially 
when the device needs to be worn for longer 
periods[10]. 
 
These custom-made AFOs provide more comfort as 
they are tailor-made for the patient using a cast of 
the foot. They are more common because a better-
fit results in a better functioning device and more 
customer satisfaction.

Within the categories of prefabricated and custom-
made orthoses, there are various types available, 
each designed to treat specific irregular gaits[11]:

Posterior dynamic element ankle-foot 
orthosis (PDE AFO)
This type of AFO is designed for 
high-impact activities, such as sports. 
The strut stores and releases energy 
during gait and is interchangeable 
to increase or decrease the desired 
stiffness to suit different activities.

Articulated ankle-foot orthosis
Usually, a thermoplastic device that 
allows for ankle range of motion while 
limiting inversion and eversion of 
the foot, thus providing mediolateral 
stability.

Leaf spring ankle-foot orthosis
Usually a thermoplastic device which 
prevents foot drop through providing 
toe clearance and controlling plantar 
flexion. This type of orthosis does 
not aid in stabilizing inversion and 
eversion of the foot.

Passive dynamic ankle-foot orthosis 
(PD-AFO)
Commonly made through carbon fibre 
layering. This type has a flexible strut 
that stores energy during dorsiflexion 
and releases it right before the swing 
phase. This propels the user in a 
forward motion.

Solid / rigid ankle-foot orthosis
A custom orthosis used to lock the 
foot and ankle in place. This orthosis 
immobilizes the foot so almost no 
movement is possible.

There are more types of AFOs, and certain 
combinations of these types also exist to ensure more 
specific functionality. Each device has its advantages 
and drawbacks which might help or impair the user. 
It is therefore crucial to have a precise evaluation of 
the patient and their requirements. 
 
Livit Ottobock Care has expressed the most interest 
in developing an SLS printable alternative for 
their passive dynamic carbon orthosis collection. 
These orthoses require many labor-intensive hours 
to produce and are estimated to be at a price-
competitive point with an SLS-printed variant.
 
Carbon-layered ankle-foot orthoses are known 
for their lightweight and high stiffness values. The 
biggest challenge would be to replicate the same 
behavior of carbon AFOs while making them just 
as stiff, with minimal compromise to their sleek and 
lightweight design.
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Livit Ottobock Care currently produces 7 different 
types of carbon ankle-foot orthoses:

Carbon dorsal bilateral AFO
Carbon dorsal unilateral AFO
Carbon dorsal AFO with hinge
Carbon dorsal leaf spring AFO
Carbon ventral bilateral AFO
Carbon ventral unilateral AFO
Carbon ventral AFO with hinge

These AFOs can be split into two groups: dorsal AFOs 
and ventral AFOs. These terms regard the mounting 
of the AFO cuff and whether it attaches to the calf or 
the shin (figure 2).

Whether a dorsal or ventral AFO is desired depends 
greatly on the patient’s condition. Typically, dorsal 
AFOs are more prescribed for stability and support 
and controlling ankle flexion whilst ventrally mounted 
AFOs are more prescribed to aid in dorsiflexion. 
Dorsal AFOs fit a more extended knee position better 
for stability whilst ventral AFOs are more suited for 
a flexed knee position. Further elaboration can be 
found on page 17.

The difference between a unilateral and bilateral AFO 
regards whether the cuff and footplate are connected 
only on the lateral side of the foot or on the lateral 
and medial side of the foot.

The hinged AFOs use a prefabricated hinge that is 
mounted between a carbon-layered rigid cuff and 
footplate. The stiffness required to aid in walking is 
derived from springs placed in this hinge component 
(figure 3).

figure 2: (from left to right) An AFO mounted on the dorsal 
side of the leg and a AFO mounted on the ventral side of the 

leg

figure 3: An Ottobock Nextgear Tango AFO hinge

The last type of carbon AFO produced by Livit 
Ottobock Care is the carbon dorsal leaf spring AFO. 
This AFO consists of one piece and provides passive 
dynamic walking aid through the flexibility and 
stiffness of the carbon strut.

The decision was made to focus on the carbon dorsal 
leaf spring AFO as it relies the most on the flexible 
and stiff properties of layered carbon. The stress is 
more evenly distributed in this type of orthosis as 
no bolts or other fasteners are used in this design 
which creates stress points. The material properties 
of SLS printable materials are lower than that of 
carbon composites which makes stress distribution 
more relevant. Concentrated stress points can be 
detrimental for an SLS printed design as the material 
properties of the available materials are lower than 
that of carbon[4].

Moreover, around 45% of the carbon orthoses 
produced by Livit Ottobock Care are this specific type 
of orthosis[12] making it a significant candidate for 
further investigation.
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Gait
Ankle-foot orthoses help clients with a deviating 
walking pattern that experience discomfort to 
achieve a healthier range of motion. It is important 
to have an understanding of the way humans walk, 
how someone in need of an AFO deviates from this 
pattern and which AFO influence is desired. The 
manner or style of walking is commonly referred to as 
the gait pattern. Fully technical: walking occurs when 
moments are present where both feet are in contact 
with the ground which is not followed by periods 
where neither foot is touching the ground[1],[13]. IThis 
would be classified as running. The focus of this 
project remains on walking, as designing an AFO for 
running would require a different AFO type to handle 
more extreme loads and moments. Once an SLS 
passive dynamic posterior leaf spring AFO is validated 
for walking, other more stress-demanding types could 
be considered.
 
A full gait cycle involves multiple steps that can 
be described as a stride. The steps that make up 
a stride can be divided into a stance phase and a 
swing phase[13] as seen in figure 5. The gait pattern 
is typically divided into 7 or 8 ‘phases’, representing 
moments in time from the sagittal plane for better 
understanding. The stance phase is when a foot is 
in contact with the ground, and the swing phase is 
when a foot is in the air.

The second row in figure 5 represents the ankle 
angle, defined as the angle between the tibia and 
the somewhat ambiguous sole axis. This axis is a 
perpendicular line with the ground, drawn at the 
ankle joint when the foot is standing on a flat surface. 
Although this angle is usually 90 degrees, it will 
further on be defined as 0.

A full gait cycle can, apart from the 7 or 8 phases, 
also be divided into 3 stages: weight acceptance, 
single limb support, and swing limb advancement. 
Taking a closer look at these stages tells us more 
about the function of the ankle during gait.

During weight acceptance
The ankle prevents the front of the foot from 
slamming onto the ground during this stage. The 
ground reaction force, as a reaction to the weight of 
body, creates a moment around the ankle when the 
heel first touches the ground (figure 4). The muscles 
in the ankle typically counteract this moment to 
enable controlled plantar flexion. However, weak 
muscles are unable to control the moment, leading 
to toes slamming onto the ground or even making 
contact before the heel. An ideal AFO would prevent 
this by recreating a positive ankle moment to lift the 
toes before initial contact and to transfer into the 
loading response phase in a controlled manner.

During single limb support
All the body weight rests on a single foot during this 
phase. The ankle plays an important role in keeping 
the person stable during this phase. The foot will 
need to have full contact with the ground for a 
healthy gait between loading response and heel 
off. At the end of this phase, the ankle should aid in 
pushing off the ground by plantar flexing.

During swing limb advancement
The ankle should prevent toe dragging during this 
phase. It should help keep the foot in a neutral ankle 
position to ensure clearance from the ground. Failing 
to do so will result in plantar flexion of the foot, 
reducing clearance and causing a larger area of the 
foot to slam onto the ground at initial contact.

Ankle functions

figure 4: ground reaction force (red) and resulting ankle 
moment (blue) during initial contact
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figure 5: Phases of a normal gait cycle

Initial contact

Loading response

Heel off

Toe off

Feet adjacent

Tibia vertical

Next initial contact

This stance is initiated once the heel of the foot touches the ground

When the heel touches the ground, the weight shifts to this foot. The result is that the toes slam onto the ground as well and position the foot 
flat on the ground

The foot dorsiflexes and the weight passes over the ball of the foot. This moment is identified when the heel starts to lift from the ground The 

Foot plantar flexes and pushes the foot off the ground. The toes lose contact with the ground and the right foot enters its swing phase

Both feet are next to each other as seen from the sagittal plane

The lower leg is in a vertical position and the foot makes the shape of an ‘L’

The leg touches the ground once again and a new gait cycle begins

ANALYSIS
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PD-AFO working principle

An AFO applies forces to the lower leg to maintain 
the correct position of the foot and ankle during the 
gait cycle. This is needed when muscles or nerves fail 
to keep the foot at the correct angle. An AFO is used 
to stabilise a joint and control its rotation. Typical 
applications are to limit either dorsiflexion or plantar 
flexion of the foot depending on the functional needs 
of the client[13].

Examining the different phases of gait in figure 5, we 
can draw in a passive dynamic ankle-foot orthosis to 
better visualize what the AFO is supposed to do when 
ankle function is impaired (figure 6)[14], [15].

Essentially an AFO works by providing the 
adjustments necessary to come as close as possible 
to the moment produced by a healthy ankle. It does 
this through exerting forces on the lower leg and 
foot that vary in magnitude during gait when the 
AFO deforms. Passive dynamic AFOs work through 
storing energy in the orthosis during deformation. 
This energy storage, combined with changes in ankle 
angle and body weight distribution, creates either a 
plantar flex or dorsiflex moment as close as possible 
to the ankle.

figure 6: Phases of a normal gait cycle whilst wearing an passive dynamic dorsal AFO

As seen in figure 4, a negative moment is present 
in the ankle as a result from the ground reaction 
force. The AFO will need to create a positive 
moment to counteract this moment and ensure 
a controlled transition into the loading response 
phase.

The left foot is released from the ground and 
the full bodyweight is supported on the right 
leg. As the body moves forward over the foot, 
dorsiflexion occurs, causing elastic deformation 
of the AFO, which stores energy and creates a 
negative moment around the ankle. However, the 
AFO should not be excessively rigid, as this would 
restrict dorsiflexion of the ankle and lead to an 
earlier heel off.

I II III IV

I

II

The foot plantarflexes and the front part of the foot 
flexes around the metatarsophalangeal joint line. 
The energy stored in the AFO during dorsiflexion 
is released creating acceleration and lift. The 
AFO should not have a big positive moment at 
this phase, hampering the plantar flex muscles if 
these are still functional. It should provide a big 
positive moment if the plantarflex muscles are not 
functional ensuring a push from the ground

People suffering from drop foot will have the 
front part of the foot pointing downwards during 
the swing phase. The AFO should provide a 
positive moment in the ankle to prevent this from 
happening

IV

III
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figure 8: An AFO worn with shoes and the resulting 3 point 
force structure exerted on the AFO during dorsiflexion

ANALYSIS

The carbon dorsal leaf spring AFO produced by Livit 
Ottobock Care has another function regarding the 
knee position of the wearer.

When the client is anlysed it is determined which or-
thosis will be most suitable for them. Several methods 
can be used to classify the deviating gait and one 
such method is the Amsterdam Gait Classification[14], 

[17]. This classifies five types of gait as seen in figure 7.

Looking at the position of the knees gives us a 
direction of which AFO might be most suitable. A 
dorsal design might be more suitable for hyper 
extended knees as they force the lower leg more 
forward through the 3 point pressure woring of an 
dorsal ankle foot orthosis (figure 8). A more flexed 
knee might benefit more from a ventral design as this 
creates more backwards force that pushes the knee 
back.

The dorsal leaf spring orthosis will thus only focus 
on the first three classification types. Within these 
types, next to the knee position, there is also a 
difference present in the ankle angle of the foot. The 
foot contact with the ground is incomplete in gait 
type three for example. The client in this case tends 
to walk on their toes. A carbon dorsal leaf spring 
orthoses can counteract this by making the footplate 
more stiff. This limits the range of motion around 
the metatarsophalangeal joints (more on that later) 
and thus forces the wearer to make more complete 
foot contact with the ground. This limits the range of 
motion around the metatarsophalangeal joint line 
and thus forces the wearer to make more complete 
foot contact with the ground.

The Amsterdam Gait Classification is a tool that helps 
identify the needs of the client but is not completely 
leading in determining the type of AFO, as individual 
needs and goals can warrant the complete opposite.

figure 7: Amsterdam gait classification
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Production method

Making a custom carbon ankle-foot orthosis 
consists of several steps. An orthotic device comes 
into view after it is established by a neurologist or 
rehabilitation doctor that such an aid is needed 
for the client’s impairment. Other trajectories exist 
through which a person with walking troubles comes 
into contact with Livit or another orthopedic adviser 
without a referral, but these are less common. 
Usually, the insurance company requires the 
diagnosis of a specialist to cover the costs.

Livit has over 400 locations throughout the 
Netherlands[8]. Almost all of them consist of 
partnerships between local physiotherapists, health 
clinics, institutes, and orthopedic centers. Each of 
these locations has one or more orthopedic advisers 
who are the main contact points for the clients. The 
orthopedic adviser analyses the customer, takes 
measurements, and diagnoses the orthopedic needs. 
This might result in the need for an AFO, but it is not 
always the case, as orthopedics treat a wide variety 
of musculoskeletal conditions that have different 
available treatments such as surgery, botulinum toxin 
injections, physiotherapy, or occupational therapy[16], 

[17].

A cast of the foot and lower leg is made if an AFO 
is desired (figure 9). This cast consist of bandages 
impregnated with a certain soluble that hardens 
when it come into contact with water. This alternative 
method is favoured over traditional plaster due to it 
being considered a more pleasant experience for the 
customer as it makes less of a mess.

Certain measurements are made along with the cast, 
which are both marked on the cast and filled in on a 
digital data sheet. Measurements include the position 
of the malleoli, the navicular, the tuberosity of the 5th 
metatarsal, and the joints between the metatarsals 
and phalanges. These positions are relevant for 

a comfortable fit and the proper functioning of 
the AFO[14]. The orthopedic adviser may introduce 
additional modifications or markings on the cast, 
guided by their professional judgment. For instance, 
paste can be added on the medial longitudinal arch 
for an adjusted fit, or cork insoles can be used for an 
adjusted heel height.

Livit Ottobock Care currently makes these 
adjustments either physically on the cast or adjusts 
them digitally later in the process. It is therefore 
essential to carefully read the data sheet delivered 
along with the cast, as inconsistencies are prevalent 
along with unique requirements desired by the 
orthopedic advisors. Livit Ottobock Care aims to move 
towards a more digitized future and thus prefers 
requests for adjustments to be made through CAD. 
However, this clashes with the craftsmanship of the 
orthopedic advisers, resulting in an inconsistent work 
flow. The transition from physically oriented labour 
and skill towards digitalization is currently happening 
at Livit Ottobock Care and is also a key driver for their 
interest in this project.

Once all the measurements are made, the cast, 
along with the data, is sent to the production facility 
located in Dordrecht. Upon arrival, the cast is then 
digitized using 3D scanning equipment. All necessary 
adjustments are made in CAD based on the 
information provided on the datasheet.

The model with its adjustments is then cut out of 
hard foam using a CNC robot. This new positive 
representation of the foot is used throughout the 
production line for the assembly of the AFO. In the 
case of carbon layered orthotics, preimpregnated 
carbon layers are applied to the model and 
subsequently baked for an accurate fit.

Final adjustments, such as adding padding or 
Velcro fasteners, are made before it is sent back to 
the orthopedic adviser, who fits the AFO with the 
customer.

It is common practice to have a fitting meeting 
scheduled three weeks after the measurements are 
made. As a result the Livit Ottobock Care production 
centre adheres to a production timeline of 10 
workdays.

An more complete overview of this production 
process can be found in figure 10.

figure 9: A cast of the lower leg and foot

Current production method

(on next page) figure 10: Schematic overview of the Livit 
Ottobock Care work flow analysis of a carbon AFO
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(on next page) figure 12: Schematic overview of a possible 
workflow alternative with SLS printed AFO parts

This project was set up to further investigate an 
alternative production method for the fabrication of 
AFOs. Livit Ottobock Care already has a partnership 
with Parts on Demand, and they produce various SLS 
hand braces or leg prosthesis mounts (figure 11). The 
main driver behind this project is the possibility of 
further eliminating labour-intensive production steps 
and automating the production process.

During the current production process of AFOs, a CAD 
model is already made by scanning the casts of all 
clients. These are consequently digitally adjusted to 
ensure a better fit, as Livit has a CAD/CAM specialist 
team employed. These models are currently used for 
the CNC milling of foam-positive casts.

Having a CAD/CAM specialist team and the digital 
models of each client already present in their 
workflow makes incorporating SLS printing in the 
production chain easier, as fewer intrusive production 
measures are needed.

Outsourcing the material production to SLS-printed 
parts over at Parts on Demand would cut out the 
CNC milling, manual carbon cutting, layering and 
baking, creating the workflow diagram in figure 12.

With Parts on Demand in the loop, manual labour 
steps can be reduced, as well as material usage. 
However, for this option to be feasible, the timeline 
would ideally be as close as possible to the present 
one, and the SLS-printed version should have the 
same functions as the current carbon-layered AFO. 

The bottleneck regarding time in this production 
chain is the shipment. First, the cast needs to be 
sent to the production facility of Livit Ottobock Care, 
where it is scanned and digitally adjusted. These 
digital files can then be quickly exchanged with Parts 
on Demand, which can produce and ship the SLS-
printed parts to the Livit production facility. There, 
the last adjustments are made and shipped off to the 
orthopedic advisor on location.

This alternative has to ship the product three times 
instead of two. Livit Ottobock Care expressed the 
relevance of producing an AFO quickly to alleviate the 
customer from its discomfort as soon as possible.

An alternative could be to scan the casts, or better 
yet: the lower legs and feet of the customers at 
the location of the orthopedic advisors. This would 
make the customer information a purely digital 
transfer that has to be sent to the production facility. 
However, this is deemed unrealistic at the moment 
because of the high costs of accurate scanning 
equipment[5].

All things considered, comparing the current 
workflow to the proposed new workflow gives an 
approximation of 7 workdays for Parts on Demand to 
produce the SLS printed parts.

The current workflow consists of 10 workdays. 
Counting 1 workday for the CAD/CAM department, 
1 workday for the shipment of the SLS printed parts 
and 1 workday for the attachment of the clasp and 
padding leaves 7 workdays.

“The production time of the SLS printed parts 
should not be longer then 7 workdays”

figure 11: A leg prothesis mount designed by Livit Ottobock 
Care and printed by Parts on Demand

ANALYSIS

REQUIREMENT

Production method with Parts on Demand 
in the loop
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A price estimation was made to compare the 
SLS-printed orthoses with Parts on Demand as 
the manufacturer in the production workflow. 
Determining the exact price breakdown of the carbon 
dorsal leaf spring orthosis produced by Livit Ottobock 
Care can help determine if an SLS-printed orthosis 
can be a viable alternative. Price estimates were 
given based on a hinged carbon ankle-foot orthosis 
and the carbon dorsal leaf spring orthosis.

The estimates for the hinged carbon AFO were 
€560 for the materials and hours, €325 for revenue 
and overhead, and €450 for hinges and mounting 
equipment[18]. These costs concern the production 
of the AFO and do not include the session with the 
orthopedic advisor.

The production costs for a carbon dorsal leaf spring 
orthosis are considerably lower because less labour 
and materials are required. The dorsal leaf spring 
AFO does not use hinges and mounting equipment, 
thus eliminating the need for manually bending rods 
and placing hinges. The estimate for the materials 
and hours was approximately €400[18].

These prices were broken down into estimates for 
work hours, materials, and miscellaneous costs. The 
labour hours for the carbon layering process, along 
with the CNC and correction hours, were cross-
referenced with estimated times provided by the 
carbon layering department[12]. Hourly rates were 
based on data provided by CBS[19]. Other costs were 
estimated.

figure 13: Production cost breakdown for hinged carbon orthosis produced by Livit Ottobock compared to estimated costs 
with Parts on Demand in the loop

ANALYSIS

Price

CONFIDENTIAL INFORMATION

Cost	differences	described

CONFIDENTIAL INFORMATION

   More labour hours at the CAD/CAM department for 
the SLS printed orthosis as extra work is foreseen in 
modelling the AFO around the scanned foot.

   No labour costs for the carbon layering production 
step as this is replaced by SLS printing.

   No CNC handling, and processing is necessary as 
this production step is replaced by SLS printing.

   Less correction time is necessary as there are no 
carbon layers that need to be cleaned up

   No material costs for the carbon material as this is 
replaced by SLS printing

   There is no need to mill a positive foam model of 
the lower leg saving costs as well

   No storage for foam blocks and other materials is 
necessary. Less electricity costs are necessary as less 
production steps take place for Livit Ottobock Care.

   Double transport costs are billed. Once for sending 
the glass fibre cast from the orthopedic advisor to the 
production facility and once to send the SLS printed 
parts to the production centre.

   No vacuum carbon oven necessary, no CNC costs
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The breakdown of all costs for the hinged carbon AFO 
can be found in appendix B. The breakdown of all 
costs for the carbon dorsal leaf spring orthosis can be 
seen in figure 13. This breakdown is partially based 
on the figures visible in appendix B as more data was 
provided for the hinged carbon foot orthosis.

Aspects marked with a green dot are price reductions 
beneficial to the SLS printed process as they make 
more money available for the printed parts. Red dots 
are price increases.

Comparing the current Livit Ottobock price buildup 
of carbon dorsal leaf spring orthoses to the price 
buildup replacing the carbon orthosis with SLS 
printed parts gives an estimated cost difference 
of around €290,-. This is rounded up to €300,- as 
the amount approximately available for Parts on 
Demand to create the printed components if it were 
to replace the carbon. 

“The SLS printed parts should cost no more than 
€300,-”

REQUIREMENT
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SLS printing

Selective laser sintering is an additive manufacturing 
method and is part of the umbrella term 3D-printing. 
Like any other 3D-printing technique the model is 
built layer by layer[6]. SLS is a powder bed fusion 
process that uses a laser to melt and fuse the powder 
to form solid parts.

A powder bed is spread out and heated almost to 
its melting point. A laser then passes over certain 
sections, solidifying (sintering) certain parts[20]. A new 
layer is consequently smoothed over the previous 
layer and a laser passes again to create a solid new 
layer of the desired part. Repeating this process 
results in a final component being fully encased in 
powder.

A small batch takes around 24 hours to print and 
needs to cool down roughly the same time. The 
components are subsequently separated from the 
remaining powder through careful examination and 
analysis[21]. The powder is recycled for other batches 
and the parts are cleaned and transferred to be post-
processed (if any post-processing steps were specified 
by the customer)

One of the most important aspects of industrial SLS 
printing is its possibility to pack multiple prints in one 
printer. ‘Nesting’ parts results in more products being 
produced at the same time (figure 14). This better 
utilizes the full volume available of each batch and 
makes it more cost-effective. Producing multiple parts 
at the same time reduces the costs per part. Parts 
on Demand, therefore, uses specialised software to 
optimize the density of a print batch.

figure 14: Example of nested products in a SLS batch

figure 15: Visible layers of a batch being printed at Parts on 
Demand

Having a full batch has a second advantage 
concerning warping. The machine and prints are 
hot after when everything is printed. It is essential to 
evenly cool down a batch to reduce the warping of 
the prints[21]. Having a full batch ensures a more even 
distribution of areas being cooled as a batch cools 
from the outside towards the inside. Because of this, 
less deformity is present near the centre of a print 
batch as compared to the edges.

The desire to print a full batch is the main factor that 
influences delivery times for less-used materials such 
as TPU and CarbonLW, as several parts need to be 
queued before a full batch is printed.

Working Principle

FIXME maybe packed plaatje vol met ortheses?
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A key advantage considering SLS printing compared 
to other 3D-printing methods such as FDM or SLA 
is that the parts are surrounded by powder during 
printing. Designs do not require support or removal 
thereof for a successful print. A lot of freedom is 
therefore present in terms of part geometry. However, 
some considerations have to be kept in mind.

Dimensions
The printers themselves impose a build volume limit 
of 300x300x590. Parts on Demand has two print 
volume boxes that are being used. 300x300x290 and 
300x300x590. These build volumes are interchanged 
depending on the demand of the material.

Less frequently utilized materials like TPU are 
constrained by a smaller build volume, as larger 
batches cannot be filled completely.
 
The printer used by Parts on Demand has a laser 
head of 0,05mm and a layer height of around 
0,12mm. The particle size used for most powders is 
0,06mm. The laser does not fuse just one particle but 
melts multiple ones together creating the solid parts. 
Having these dimensions combined creates a rough 
texture that can produce parts with a tolerance of +- 
0,4mm[21].

Orientation
The orientation of prints in the printer is of great 
influence concerning their properties. An SLS printed 
part is almost isotropic, meaning they have near 
equal strength in every direction. However, SLS 
printing, just like FDM printing consists of slicing each 
part into layers and building it atop each other. This 
makes the Z direction the weakest of the three. 

Ensuring a stiff and rigid print would ideally have 
the critical parts where the most strain is present 
be printed in the X or Y direction of the print bed 
as it would result in higher strength.

Design considerations

figure 16: Material properties of SLS printable materials at Parts on Demand

“The bounding box of the SLS printed parts should 
not exceed 300x300x590mm”

REQUIREMENTS

“The wall thickness of the SLS printed AFO should 
be bigger than 1.5mm”

Warping
As stated before, a print batch does not cool down 
evenly. It is recommended to have an even wall 
thickness throughout the model to reduce the 
chance of warping of the print. Having too thin walls 
(<1,5mm) also tends to warp depending on the height 
and width[21].
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Material properties
Currently, there are 5 materials commercially 
available to print with at Parts on Demand. 
These materials are PA2200 (referred to as PA12), PA 
640-GSL (referred to as Carbon LW), PA11GF, PA11 
Nylon (referred to as PA11) and TPU 1301 (referred to 
as TPU)[21].

Comparing their material properties gives the table in 
figure 16. 

PA12
This is a thermoplastic (nylon) polymer with the 
formula [(C12H23NO)n. The “12” references the 
number of carbon atoms present in the molecule. 
This is the current standard at Parts on Demand and 
delivery times are therefore shortest[22], [23].

PA11
This is a bio-based plastic is made from castor beans, 
a renewable material. The name is derived from the 
polymerization of 11-aminoundecanoic acid, again 
determined by its molecular formula. The material 
changes colour through oxidation and is thus only 
available in a milky white colour unless pigment is 
used as a post-processing treatment[24].

Carbon LW
Carbon fibre and glass bubble reinforced PA12. The 
LW in the name stands for lightweight. The carbon 
particles present in this material are 55±30 microns. 
This material can not be coloured and is only 
available in black or dark grey[25].

PA11GF
This is the newest material currently in development 
by Parts on Demand. It is a PA11 reinforced with 
glass beads. It builds upon the sustainably sourced 
PA11 but has a higher strength. It is UV resistant and 
shrinks less, this makes colour difference less visible 
and makes it more resistant to wear and tear[26].  

TPU
TPU 1301 is a thermoplastic polyurethane designed 
to be bendable and soft. It is a pliable material with 
a value of 86A. This makes it potentially suitable for a 
soft tissue like layer on the inside of the orthosis.[6]

Printed	materials	vs	carbon	fibre	composite
Comparing the material properties available through 
printing to the current production material; the 
carbon fibre composite, visible in the last row of 
figure 16, gives a big difference in values[27]. Carbon 
fibre offers great stiffness and strength where 
the fibres carry the mechanical loads, the woven 
structure distributes the loads and the resin binds it 
all together and protects it.

A variety of post-processing options are available 
for SLS printed parts at Parts on Demand. These 
steps are optional and take place after the desired 
parts have been printed. Depending on the post-
processing steps required, the delivery time extends. 
These methods mainly influence the aesthetic 
look and surface finish but also come with slight 
material property enhancements and certain design 
considerations.

Shotpeening
The parts have a rough surface texture right out 
of the printer. Shot peening is an optional post-
processing step that ensures a more even, smooth, 
surface and gives the parts a satin gloss finish[21]. 
The impact of the polybeads polishes the surface by 
compressing the bumps on the outside surface. Along 
with a smooth surface, the parts also have a slightly 
increased strength and any impregnated colour is 
more wear resistant because of the denser surface. 

However, a part can not be bigger than 
250x250x500mm or else it will not fit in the shot 
peening machine.

Post processing

Premium Vapour Polishing
Premium vapour polishing (or PVP for short) is 
a chemical process that causes the top layer of 
the parts to fuse, creating a smooth surface[21]. In 
contrast to shot peening, PVP closes all holes and 
creates a non-porous surface preventing further 
moisture absorption, bacteria inhibition and making 
it easier to clean. 
 
To mount the parts in the PVP machine an opening 
or eyelet is necessary to hang the part from. Also, 
drainage needs to be considered as the fluid should 
be able to drip down (figure 17).

figure 17: PVP design considerations for mounting and 
drainage
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Design considerations for this method are multitude 
however:

A cavity is needed to hang the part from
Ensure the fluid can drain from the part and not 
accumulate somewhere
Parts should not be bigger than 300x570x270mm 
or else they will not fit in the PVP machine
Uniform wall thickness would ideally be present as 
variations will lead to differences in surface finish
Flat parts tend to warp
The production time is extended with 1 extra 
workday

Colouring
Parts can also be coloured. The moisture-absorbing 
properties of SLS printed parts are used here 
by dipping them in a warm colour bath that 
impregnates the parts[21]. This colours the outer 
surface up to a depth of 100 μm to 500 μm. 
 
As this method impregnates the parts, no wall 
thickness is added and does not need to be 
considered by looking at tolerances. 
 
The parts can have maximum dimensions of 
250x250x500mm and having a part coloured 
increases the production time by 1 extra workday. 

“All shot peened parts should not have a bounding 
box bigger than 250x250x500mm”

REQUIREMENTS

“All PVP parts should not have a bounding box 
bigger than 300x570x270mm”

“All PVP parts should have a cavity to hang the 
part from”

figure 18: Standard colours available through post processing at 
Parts on Demand
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Anatomical requirements
The main consideration for prescribing a custom-
made AFO is because of their better fit[14]. Studies 
looking into the compliance and reception of ankle-
foot orthoses reveals dimensions, comfort, weight 
and aesthetics as the main factors influencing 
dissatisfaction[28],[29].  Most prominent of these is 
comfort in the form of concentrated pressure points 
on the foot, skin irritation, and rubbing of the skin. 
 
A result from these studies also showed the 
preference to wear conventional shoes bought 
in normal shops as opposed to specially made 
orthopedic shoes. This taps into the factor of 
cosmetical acceptability. For some AFOs, specialized 
shoes are prescribed but this limits personal 
expression. This is undesirable as most AFOs can be 
worn inside shoes if they are designed properly.

It is an orthopedic recommendation to wear one shoe 
size larger than the measured shoe size for the AFO 
to fit inside of the shoe[8], [14]. The length with which 
this increases depends of the magnitude of the shoe 
size. This ranges from 4 to 6 mm per increment. The 
average value in this range is taken as a maximum 
thickness to which the SLS printed AFO has to 
comply.

Pressure points

As an AFO is worn close to the skin and for extended 
periods of time. A good fit is essential for user 
satisfaction and user compliance. In collaboration 
with Livit Ottobock care and other studies concerning 
custom-fitted AFOs, certain points of irritation were 
identified in figure 19[14], [15].

figure 19: Irritation points on foot and lower leg, to avoid direct contact in the sagital plane. Left is from the medial side, 
right is from the lateral side

In most of these places, bone is present close to the 
skin which makes applying pressure on it painful. 
The shape of the AFO can be adjusted taking these 
ergonomic aspects into mind. These points are known 
to Livit Ottobock and as mentioned before in the 
production method chapter are marked on the glass 
fibre cast by the orthopaedic advisor.

Livit Ottobock Care currently generates the cutlines 
on their model based on the malleoli positions 
avoiding these pressure points. For other orthoses 
where the design can not circumvent these points, 
distances are specified by the orthopedic advisor to 
prevent contact.

Accurate measurements and production are essential 
in the production through SLS printing as no to 
minimal adjustments can be made once printed. 
Common adjustments are made when the AFO is 
delivered to the orthopedic adviser and fitted with 
the client (figure 9). These adjustments can include 
adding material, for example to the lateral heel arch 
for more support, or removing material, for example, 
to better fit inside a shoe. These adjustments are 
common for regular thermoformed orthoses, but 
also impossible for carbon-made orthoses. Trimming 
carbon leaves splintered edges that are deemed 
too unsatisfactory for the final product. Special 
consideration is therefore taken in prescribing and 
measuring carbon orthoses to ensure a perfect 
fit. The same treatment can be applied to the SLS 
printed orthosis to ensure the same fit without 
adjustments at the end.
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“The AFO should not exceed 5mm thickness 
around the heel of the foot”

REQUIREMENTS

“The AFO should not exert pressure on the Malleoli, 
navicular and tuberosity of the 5th metatarsal”

ANALYSIS

The ankle angle undergoes continuous changes 
during gait. In a healthy individual, this range spans 
from 10 to 20 degrees of dorsiflexion, extending up to 
40 degrees of plantarflexion[13]. However, wearing an 
orthosis restricts these movements. Regardless of the 
ankle’s rotational direction, the elastic deformation 
of the orthosis generates a counteracting moment 
opposing the rotation.

When wearing an AFO, it is not possible to achieve 
the maximum values mentioned above solely through 
ankle rotation. As explained in the AFO working 
principle chapter, the ankle is forced into dorsiflexion 
during single-limb support, and the stored energy 
is utilized to propel the foot off the ground. In 
healthy gait, the foot undergoes plantarflexion 
to the greatest extent possible, creating lift and 
acceleration. However, wearing an AFO hampers 
this movement due to the absence of normal 
muscle or nerve function, leading to a counteracting 
motion caused by the AFO. Consequently, AFO users 
experience a more restricted range of motion (ROM) 
compared to individuals without AFOs.

To determine the ROM while wearing an AFO, various 
ankle angle gait characteristics are overlapped 
in figure 20 to assess the ankle ranges possible 
whilst wearing an AFO. The data used in this figure 
is sourced from multiple references to provide a 
representable spectrum of values [15], [16], [49], [50].

It should be noted that the actual ROM is heavily 
influenced by step size and the stiffness of the 
orthosis. Larger steps result in greater angles, while a 
stiffer orthosis leads to reduced angles. Nevertheless, 
this figure provides a general idea of the typical ROM 
for an AFO. 

Range of motion

figure 20: ankle range of motion during a gait cycle of various orthoses

Based on the figure, the ROM in the dorsiflexion 
direction ranges from 5 to 15 degrees, and from -5 
to -10 degrees in the plantar flex direction. To ensure 
that the AFO does not fracture during substantial 
deformations, a margin of 5 degrees is added to 
these values. Consequently, it is required that the AFO 
is capable of achieving 20 degrees of dorsiflexion and 
15 degrees of plantarflexion without breaking. “The AFO should be able to bend 15° in the plantar 

flex direction and 20° in the dorsiflex direction 
without breaking”
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Plantar	flex	requirements	during	swing	
phase

When a PD-AFO flexes, it creates a moment. The 
moment, resulting from plantar flexion or dorsiflexion, 
can, as stated before, be an aid or impairment to the 
wearer depending on the magnitude and the phase 
in the gait cycle. The magnitude of this moment is 
derived from the stiffness of the AFO and the angle 
that the ankle makes. The stiffness also influences the 
achievable ankle angle; a very stiff ankle foot orthosis 
limits the range of motion of the wearer and thus the 
possible achievable ankle angle and vice versa. 
 
During abnormal gait, different stiffness values in 
both positive and negative moment directions are 
used to time and influence the different phases of 
gait. It is therefore essential to consider which forces 
are applied and their respective effects.
 
Figure 21 shows the plantar flex and dorsiflex 
moments of various prefabricated PD-AFOs for 
reference[30].

Plantar flexion is the extension of the ankle angle 
where the foot stretches. It is the motion where the 
toes foot points downwards. 
 
There are two requirements for the plantar flex 
stiffness; it needs to be stiff enough to prevent foot 
drop during the swing phase but not too stiff to 
impede the loading response phase. 
 
Looking at the first requirement; a dorsiflex moment 
prevents the toes from dragging on the ground and 
providing clearance by creating a force upwards 
(figure 22) through the 3-point fixation of the AFO. 

Walk on Flex
Dorsiflex moment stiffness: 0,375Nm/°
Plantar flex moment stiffness: 0,95Nm/°

figure 21: Comparison graph of various PD-AFO’s plantar flex and dorsiflex stiffness values

I

II

III

V

Spiral Matrix
Dorsiflex moment stiffness: 0,95Nm/°
Plantar flex moment stiffness: 1,1Nm/°

Matrix
Dorsiflex moment stiffness: 0,5Nm/°
Plantar flex moment stiffness: 1,3Nm/°

VI

VII

IV EZ stride
Dorsiflex moment stiffness: 1,1Nm/°
Plantar flex moment stiffness: 1,95Nm/°

AFO dynamic
Dorsiflex moment stiffness: 0,8Nm/°
Plantar flex moment stiffness: 2,5Nm/°

Ypsilon
Dorsiflex moment stiffness: 0,5Nm/°
Plantar flex moment stiffness: 3,5Nm/°

Walk on reaction
Dorsiflex moment stiffness: 1,2Nm/°
Plantar flex moment stiffness: 4,25Nm/°

VIII Blue Rocker
Dorsiflex moment stiffness: 1,64Nm/°
Plantar flex moment stiffness: 6,4Nm/°

ANALYSIS
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figure 22.1: foot dropping withough support and ankle function, 22.2: forces on the foot as a result from a dorsiflex 
moment AFO, 22.3: FBD of foot during the swing with counteracting ankle moment

Take the worst-case scenario: the AFO wearer has 
no muscle strength left in their ankle (figure 22.1) 
The AFO functions in combination with the shoe to 
provide a positive moment, preventing this from 
happening (figure 22.2). The AFO tries to keep the 
foot at its neutral angle by exerting forces at the top 
of the foot through the clamping of the shoe and a 
force at the sheen through the attachment of the 
cuff.

The AFO provides the necessary ankle moment during 
this phase, which can be determined by examining 
the free body diagram of this scenario in figure 22.3. 

Averages can be taken to get a better understanding 
of the minimally required plantar flex moment during 
the swing phase to prevent drop foot. According to 
Plagenhoef et al. (1983)[31], the human foot averages 
out to around 1.43% of a male’s body weight and 
1,33% of a female’s. Using the same literature to 
find the average weight of a male (73 kilograms) and 
female (61,99 kilogram) gives us an average foot 
weight of 934 grams.

Combining this with a weighted estimate shoe weight 
of 1kg (3 measurements) makes 1934 grams. This 
creates a downward force of 19,0N. The centre of 
mass of the foot is measured to be 1/2 of the foot 
length as seen from the heelside in the parasagittal 
plane according to Plagenhoef. Subtracting the 
approximated distance from heel to malleolus(1/3 
foot length) gives a value of L1 of 42,5mm with an 
average foot length of 255mm among Dutch citizens 
aged 20 to 60[32]. This would give us a negative 
moment of 0,8Nm that needs to be counteracted. 
Determining that it is allowed for the toes to drop 1 
cm gives us a stiffness value of 0,36Nm/° through the 
formula:

“The AFO should provide a positive moment of at 
least 0,36Nm/° during the swing phase”

REQUIREMENT

moment
tan-1(toedroplength/footlength) = stiffness

It should be noted that these calculations are based 
on averages and estimates, and therefore, they may 
vary for each individual. However, they provide a 
general idea of the range for this value.



- 32 -

The stiffer the AFO, the more it helps in toe clearance. 
However, it would impede in the loading response 
phase if an orthosis is too stiff in the plantar flex 
direction. As seen in figure 23[13] the foot plantar 
flexes on two occasions during a stride. The first 
time from 0 to 7% during gait resulting in 5 degrees 
plantar flexion (for this individual) and the second 
time from 50 to 60% during gait resulting in 25 
degrees plantar flexion. 
 
The foot (and worn AFO, if that is the case) is forced 
into plantar flexion during the first through in the 
graph. The ankle is close to its neutral position, right 
before plantar flexion. Once the heel touches the 
ground, a resulting normal force is applied to the 
foot (figure 24). This normal force is not completely 
perpendicular to the ground. This is because a 
forward motion is present during a step. The angle 
of this ground reaction force is in reality a three-
dimensional vector[13], [33]. These forces are exerted on 
the parasagittal (vertical force), frontal (for-aft force) 
and transverse plane (mediolateral force) and range 
in magnitude from +- 116%, 19% and 6% of the body 
weight. For this thesis, the decision was made to 
focus on the forces exerted on the vertical forces only 
as these are of the highest order and have to most 
influence on the strength and function of the orthosis. 
This simplification was made due to time constraints. 
 
To better understand the forces exerted at the first 
through, during initial contact, an FDB was composed 
(figure 24).  
 
The angle theta here is measured to be 99° for this 
specific subjec[13]. The magnitude of the ground 
reaction force can be determined by analysing the 
graph in figure 24. 

 

figure 24: FBD at initial contact phase in the parasagital 
plane

The ground reaction force for this specific case 
was measured for a step using a Bertec force 
plate specifically designed for gait, balance and 
performance analyses. The first peak in figure 24 
represents the heel strike phase. This moment 
of impact is then followed by the first through 
approximately 20ms later representing weight 
acceptance. As seen here the ground force present 
at the heelstrike is bigger than the body weight 
multiplied by the gravitational constant. Although 
there is considerable variation between individuals in 
the magnitude of this force because of factors such 
as the different ways the foot can make contact with 
the ground, the walking speed and shoe variables 
such as its dampening ability, we can take this as 
an estimate as to what this force might roughly be 
as it also corresponds with magnitudes from other 
literature[33]. 
 
These measurements were taken with a person 
weighing in at around 70 kilograms with hard-
heeled shoes walking fast. It can be derived from 
figure 25 that the reaction force can be around 1.4 
times higher than just the body weight times the 
gravitational constant.

figure 23: ankle angle during a gait cycle

Plantar	flex	requirements	during	initial	
contact

ANALYSIS
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figure 25: Magnitude of ground reaction force during a full 
gait cycle

Knowing the force and angle the ground reaction 
force makes with the ground leaves us with an 
unknown distance from the heel to the ankle joint. 
This distance varies between the lateral and medial 
malleolus and of course, between persons. No data 
could be found for this measurement so an educated 
guess was made of 35 mm.  
 
To translate this to the x-axis of our FBD in figure 24, 
the knee and hip angle needs to be known. Again, 
looking at the literature provided by Whittle[13] it can 
be read from his graphs that during initial contact the 
hip angle is approximately 28° and the knee angle 2°. 
This makes an angle of 26° for delta if the foot is held 
in its neutral position. This together estimates the 
plantar flexion angle moment to be 25,8Nm during 
initial contact. 

 

During this shift, the ankle plantar flexes 
approximately 6° (figure 23) between initial contact 
and weight acceptance and the ground force is 
reduced from 900N to 380N. During normal gait, the 
ankle produces a counter moment to make this shift 
gradual instead of instantaneous. People without 
or with limited ankle muscle function or control 
will thus rely on the AFO to plantarflex 6° whilst 
having enough stiffness to make this a gradual shift. 
Therefore, looking at the weight acceptance phase 
where 380N ground force is present, should not be 
stiffer than 1.8 Nm/° through looking at the fomula:

Comparing this to the dorsiflex moment values 
derived from other orthoses (figure 21) makes this 
plausible as no orthosis has a bigger moment than 
this [30]. 
 
It has to be stated here again, however, that this 
number is based on educated guesses and calculated 
for a single female aged 22 years old. The values 
used here differ greatly per person depending on 
many factors. Therefore it should be used and treated 
as an estimate to give an idea of what this value 
would roughly be. 
 
Having a higher value than 1,8Nm/ ° in the plantar 
flex direction results in a later timed weight 
acceptance phase. This might feel to the wearer 
as stiff walking as the range of motion of the foot 
is reduced. Ideally, the AFO would not limit plantar 
flexion during both throughs in graph figure 25. It 
would therefore be ideal to stay as close as possible 
to the planter flex moment needed to ensure ground 
clearance of 0,36Nm/°.

cos(26°)  0,035  cos(9°)  380
6°  = 1,8 Nm/°

“The AFO should not provide a positive moment 
bigger than 1,8Nm/°”

REQUIREMENT
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The highest force exerted on the foot happens 
around initial contact as seen in figure 25. This force 
is approximately 1.4 times the weight of the wearer, 
depending on the gait pattern and walking speed[13], 

[33]. 
These measurements were taken using a healthy 
subject and comparing this to AFO users gives the 
insight that the forces at heel-off are higher and toe-
off are lower compared to this graph[33] . 
 
As stated before the ground reaction force is in reality 
split into three components; the vertical force, fore-aft 
force and mediolateral force. During initial contact, 
these forces are approximately 1.16, 0.19 and 0.06 
times the body weight respectively. The biggest of 
these is notably the vertical force and creates the 
biggest impact that the AFO needs to withstand. 
 
The impact during initial contact gathers around 
the heel and the toes[34]. The normalized maximum 
vertical force ranges from around 2.5% body weight 
per cm2 to 4.5% body weight per cm2 around the heel 
according to Hessert et al. (2005) during healthy gait. 
Comparing this to the force magnitudes derived 
from Whittle[13] in figure 25 gives a vertical force of 
797 Newton on a surface area of 26cm2 at the heel 
for a person that weights 70 kilograms through the 
formula:

Impact requirements

1,16  bodyweight  9,81
0,045  bodyweight  9,81 = 26 cm2

Multiplying this force by a factor of 2 to create a 
safety factor results in the requirement for the AFO to 
resist a force of 1600 Newton over an area of 26cm2 
or 62N/cm2 around the heel for a person weighing 70 
kilograms.

“The AFO should be able to withstand an impact 
force of 62N/cm2 exerted vertically on the plantar 
surface of the AFO around the heel”

REQUIREMENT

Dorsiflex	requirements

Dorsiflexion is the flexion of the ankle angle where 
the foot contracts. It is the motion where the toes 
points upwards. 
 
Dorsiflexion of the foot takes place between the 
loading response and heel-off phase (figure 5) during 
gait. The AFO deforms and stores kinetic engery in 
the strut during dorsiflexion as a result from the 
shifting of body weight in combination with gravity. 
This energy is then resleased at the end of the stance 
phase when the body weight shifts to the other foot, 
elevating the weight used to deform the AFO and 
consequently releasing its energy.

Several methods to determine the magnitude of this 
moment were considered based on the research 
available in this field[30],[48]. However, this field of study 
ranges wildly and is still considered to be a grey 
area[16], [48].
 
Livit Ottobock Care solves this problem by 
producing the carbon dorsal leaf spring orthosis 
with predetermined stiffness values regardless of 
body weight or length. This is a result of set carbon 
layering patterns and production experience to 
create a repeatable result. The custom-made orthosis 
focuses on the custom fit, to ensure the orthosis is 
comfortable to wear. A custom stiffness for the strut 
is not considered in the current design. 
 
To determine if an SLS printed alternative is a 
viable design, it will have to be able to replicate the 
moments produced by the carbon dorsal leaf spring 
orthosis to ensure minimally the same function. 
Having a 3D-printed design can give advantages of 
custom prescribed stiffness requirements as more 
form freedom is present. However, as this field of 
study is still being explored, it is something to keep in 
mind for the future.

Many different factors influence this moment; 
stride length, body weight, leg length, foot length, 
and residual muscle strength. Using set values for 
these parameters and cross-referencing them to the 
literature available.

The most promising approach for this value is 
through measuring the metabolic effort from 
respiratory measurements conducted with the client. 
This is then concequently translated into parameter 
settings ideally controlling an active AFO.

As this field of study is still being explore, the decision 
was made to exclude it from the scope of this project. 
Nonetheless, the concept of custom-prescribed 
stiffness for individual clients should be kept in mind 
as it is something that is coming for the orthopedic 
industry and can more easily be acchieved through 
the use of additve manufacturing techniques such as 
SLS as compared to carbon layering.

ANALYSIS
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Metatarsophalangeal joints
The metatarsophalangeal joints are, as the 
name implies, the joints between the metatarsi 
and phalangeal bones of the foot[13], [14]. Each 
foot has 5 of each bone and consequently has 5 
metatarsophalangeal joints. A line can be drawn 
between these joints as seen from a caudal view, 
commonly referred to as the metatarsophalangeal 
joint line, or MTP line for short (figure 26). 
 
This line is relevant for dynamic orthotic design as 
flexing through these joints happens around the 
toe-off phase and helps create acceleration and lift 
for a healthy gait. This is the second point, next to 
the ankle joint, where an AFO can create a plantar 
flex moment to replace muscle loss or deficiency. 
During dorsiflexion of the toes, the AFO footplate 
can function as a spring, just like the strut, to store 
up energy that can be released to assist in lifting 
the foot at the very end of the toe-off phase. This 
is typically done by thinning out the carbon layers 
present around these joints en ensuring a flat surface 
is present there for flexing without delaminating. It is 
important to know which geometry is needed here for 
an ideal moment if the muscles lack the strength. 
 
The current carbon dorsal leaf spring design 
produced by Livit Ottobock Care can be produced 
with 3 different stiffness values through this line. 
These range from very flexible to very stiff. 
 
The stiffness of this footplate part is of great influence 
on the moment created in the orthosis during toe-off 
and is dependable on the gait condition diagnosed. 
 
Having a stiffer foot sole ensures a longer arm is 
present during the toe of which in consequence 
creates a bigger moment. Figure 27 shows the 
ground reaction force during a toe-off[35].
A stiff footplate would restrict the range of motion 
along the MTP line. During toe off the ground force 
would concentrate more on the further end of the 
foot sole (figure 27). This is a longer arm for the 

same ground force and would thus create a bigger 
moment. This would be less with a flexible sole as 
the ROM along the MTP line is less restricted and the 
ground force accumulates around this spot. This has 
a shorter arm and thus a smaller moment. 
 
The stiffness of the footplate is determined by 
the orthopedic advisors of Livit Ottobock Care 
and this can be done based on multiple reasons. 
Knee position is a key influence here as explained 
before on page 17. Looking at the Amsterdam Gait 
Classification again: a hyperextended knee needs a 
flexible footplate to minimize the moment forcing the 
knee backwards. Having a flexible footplate would 
place the ground reaction force closer to the ankle, 
reducing the moment (figure 27). A flexed knee would 
need the opposite. 
 
Another consideration could be concerning toe 
walking. This is common among clients suffering from 
cerebral palsy. A stiff footplate would prevent the 
wearer from being able to walk on their toes forcing 
them to use the full plantar surface of the foot to 
make contact with the ground.

This would limit the ROM through the MTP line, but 
ultimately help the client have a more healthy gait. 
This exemplifies that AFOs are about maximizing 
benefits and minimizing drawbacks. There are always 
trade-offs to be made and it is therefore essential to 
carefully specify the individual clients shortcomings 
and goals.

figure 26: Approximate MTP line of the right foot. 

figure 27: influence of MTP stiffness. Longer distance from 
the ankle results in a bigger moment

“The AFO should be able to provide variable 
stiffness along the MTP line”

REQUIREMENT
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Carbon dorsal leaf spring measurements

Measurements were taken with a carbon dorsal leaf 
spring AFO provided by Livit Ottobock Care (figure 
28). The defined main criteria that the SLS-printed 
AFO has to comply with is that it can deliver the 
same stiffness values as conventionally made carbon-
layered AFOs. 
 
Livit Ottobock Care currently does not quantify the 
stiffness values present in their orthoses. This is 
presumably true for the majority of the orthopedics 
industry as a whole[16]. Stiffness values are currently 
prescribed in the number of carbon layers necessary 
for the AFO being made. This is a set amount for the 
carbon dorsal leaf spring orthosis. This results in an 
AFO that is received satisfactorily. 
 
To replicate the stiffness of this orthosis a baseline 
needs to be set. However, No universal standards 
exist for quantifiably measuring AFOs. Several setups 
can be found in other literature[4], [36], [37], [38] that were 
mimicked in a self-made comparable setup. In these 
setups two variables need to be measured; the 
displacement at the point where force is applied and 
the displacement at this point. Knowing the length 
of the sample can give us the stiffness through the 
formula:

figure 28: Reference carbon PD-AFO provided by
Livit Ottobock Care

Force  Armlength
Angle  = Stiffness (Nm/°)

This setup and its results can be found in appendix C. 
However, better more accurate results were
generated using a device called the Bi-articular
Reciprocating Universal Compliance Estimator or in 
short: BRUCE (figure 29). With lacking standardiza-
tion, Prof.dr.ir. J.Harlaar from the department of bio-
mechanical engineering, who helped in the develop-
ment of this device, recommended using this device 
as it was specifically designed to evaluate ankle foot 
orthosis characteristics[37].

Using the BRUCE to determine the stiffness of the 
dorsal leaf spring orthosis provided by Livit Ottobock 
Care gives the graph in figure 30. An average stiffness 
can be derived from the BRUCE measurements of 
1,16Nm/°.

Only isolating the dorsiflex stiffness gives a value of 
1,23Nm/° and 1,14Nm/° in the plantar flex direction. 
Both are almost completely linear. These are the 
values to aim for in the SLS printed variant.

It has to be noted that the neutral or shank vertical 
angle of this AFO is not 0. The BRUCE measures the 
angle relative to 90° from a perpendicular point to 
the footplate. It can be derived from the graph that 
the neutral angle of this specific AFO is 5,93 degrees.

figure 29: Schematic overview depicting the working of 
BRUCE

“The AFO should be able to provide a linear 
negative moment of 1,23Nm/°”

REQUIREMENTS

“The AFO should be able to provide a linear 
positive moment of 1,14Nm/°”

Strut measurements

ANALYSIS
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figure 30: BRUCE stiffness graph of the dorsal leaf spring AFO provided by Livit Ottobock Care

MTP line measurements
The BRUCE setup is also capable of measuring the 
stiffness through the MTP line. However, the test 
conducted at the UMC in Amsterdam utilized a setup 
that was unable to perform these measurements. 
Therefore, the MTP values visible in Appendix C, 
obtained from measurements conducted using the 
home setup, were used as substitutes. These values 
were calculated using the same formula as previously 
stated:

figure 31: Measured MTP stiffness dorsal leaf spring AFO

Mapping out the calculated moment and angle 
values produces the graph shown in figure 31. 
Fitting a trendline with an R2 value of 0.963 results 
in the linear black line, representing the average 
measurements, with a stiffness coefficient of 0.24 
Nm/°.

As previously mentioned, the carbon dorsal leaf 
spring orthosis can be manufactured with three 
different foot soles, each offering different levels of 
stiffness. The specimen provided by Livit Ottobock 
Care was equipped with the second stiffest MTP line, 
indicating the availability of a stiffer foot sole and a 
less stiff footplate.

Force  Armlength
Angle  = Stiffness (Nm/°)

Being able to achieve this stiffness also means that 
less stiff footplates can be manufactured by reducing 
its thickness. However, it has to be tested in too thin 
footplates would not result in fracture or plastic 
deformation.

“The AFO should be able to provide a moment 
through the MTP line with a value of 0,24Nm/°”

REQUIREMENT
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figure 32: Comparison graph of various PD-AFO’s plantar flex and dorsiflex stiffness values with 
the carbon dorsal leaf spring AFO produced by Livit Ottobock Care

Comparing the measured stiffness of the carbon 
dorsal leaf spring AFO to the other passive dynamic 
AFOs previously documented in Figure 19 places it on 
the lower end of the stiffness spectrum (figure 32).

This outcome was expected, considering that an 
estimated 85% of the carbon dorsal leaf spring 
orthoses produced by Livit Ottobock Care are 
intended for children[12], [14].  Generally having a lower 
weight and length makes the stiffness requirements 
of this orthosis lower.

SLS printing orthoses requiring higher stiffness 
values might be achieved as a continuation of this 
project, but is currently not considered. Designing SLS 
orthoses with higher stiffness values only becomes 
relevant once an orthosis with lower stiffness values, 
such as the carbon dorsal leaf spring orthosis, is 
validated.
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List of requirements
Key takeaways are listed in previous chapters. They 
are composed here in the list of design requirements 
to evaluate the SLS printed AFO. They also serve as 
starting points for the ideation phase of the project.

Mechanical
“The AFO should be able to provide a linear positive moment of 1,23Nm/°”

evaluate through BRUCE measurements; results should be within 10% range

Comments This is a variable ideally tailored per person but for the carbon dorsal leaf spring orthoses 
a set value. Achieving this baseline evaluates if SLS-printed orthoses can be a viable 
alternative to carbon layer orthoses

“The AFO should be able to provide a linear negative moment of 1,14Nm/°

evaluate through

Comments

BRUCE measurements; results should be within 10% range

This is a variable ideally tailored per person but for the carbon dorsal leaf spring orthoses 
a set value. Achieving this baseline evaluates if SLS-printed orthoses can be a viable 
alternative to carbon layer orthoses

“The AFO should be able to provide a moment through the MTP line with a value of 0,24Nm/°”

evaluate through

Comments

Measurements with BRUCE like testing setup. results should be within 10% range.

Lower values will also have to be possible, but will most likely be more easily achievable. 
One stiffer value will have to be possible as well but is currently unquantifiable.

“The AFO should provide a negative moment of at least 0,36Nm/° and at most 1,8Nm/°”

evaluate through

Comments

BRUCE measurements; results should be within 10% range

The bottom line for the AFO to measure against is a positive moment of 1,14Nm/°. 
However, more ideally this value would be lower if the complex geometry of SLS prints 
would allow it

“The AFO should be able to withstand an impact force of 62N/cm2 exerted vertically on the plantar 
surface of the AFO around the heel”

evaluate through

Comments

Strength simulations, and user testing. Ask a participant to jump whilst wearing an 
SLS-printed AFO

The AFO should not plastically deform during these tests, show no fracture lines or display 
any defects during normal use.
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Ergonomical
“The AFO should not exert pressure on the malleoli, navicular and tuberosity of the 5th matatarsal”

evaluate through A user will have to be able to wear the SLS-printed AFO without expressing discomfort at 
these points. Avoiding these points will have to be taken into account whilst designing the 
AFO.

Comments These boneparts are located close to the skin. Without tissue as a cushion to distribute 
pressure, direct contact with an AFO will be experienced as uncomfortable

“The AFO should be able to bend 15° in the plantar flex direction and 20° in the dorsiflex direction 
without breaking”

evaluate through BRUCE measurements; reach the angle without breaking

Comments The real use case scenario will most likely not reach these angles, but the AFO should be 
able to make these bends without breaking as a precaution

“The AFO should not exceed 5mm thickness around the heel of the foot”

evaluate through Measurements; the thickness of the orthosis 3 cm below the malleoli, is not allowed to be 
thicker than 5mm.

Comments Approximate 1 EU footsize difference. A bigger shoesize is considered undesirable as it will 
influence the fit

ANALYSIS
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“The AFO should operate within its elastic deformation range”

evaluate through

Comments

FEA simulations and BRUCE displacement measurements within the range of motion of 
the AFO

The maximum concentrated strength occurring in the orthosis will be determined using 
FEA and compared to the yield strength of the printable materials to determine if plastic 
deformation takes place

Material

“The bounding box should not be bigger than 250x250x500mm for shotpeened parts and 270x300x570 
for Vapour Polished parts ”

evaluate through

Comments

Measure bounding box of SLS printed parts

Bigger dimensions are printable in combination with these post-processing steps but come 
with drawbacks such as it either being done by hand or having marks for attachment in 
the PVP machine. This is considered undesirable by Parts on Demand and would increase 
the costs.

“The wall thickness of the SLS printed AFO should be bigger than 1.5mm”

evaluate through

Comments

Digital thickness analysis though measurements made in Solidworks

A spot to carefully consider is the footplate thickness around the toes. It might require 
thicknesses close to this value which are prone to warping.

“All Vapour Polished parts should have a cavity to hang from”

evaluate through

Comments

Geometry evaluation

A cavity and proper drainage is required for a vapour-polished part. It is necessary to have 
a spot to hang the part from which would otherwise result in markings on AFO that show 
where a clamp is attached

ANALYSIS
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“The production time of the SLS printed parts should not be longer then 7 workdays”

evaluate through

Comments

Validate delivery times Parts on Demand and possibly calculate express delivery fees

This is needed for the SLS orthosis to be a competitive alternative to carbon-layered 
custom AFOs currently produced by Livit Ottobock Care. The shorter this time is, the better

Miscellaneous

“The SLS printed parts should cost no more than €300,-”

evaluate through

Comments

Use costum pricing tool of Part on Demand for instant quotes on printed parts

This requirement is needed for the AFO to be a competitive alternative to carbon-layered 
custom AFOs currently produced by Livit Ottobock Care.
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Ideation
Divergent ideas were generated based on the 
specified requirements for the SLS-printed AFO. These 
ideas explore various design directions and serve 
as orientation for the use of external components, 
shape definition or printable opportunities. These 
ideas emerged during the analysis phase as a result 
through conversations with stakeholders, mind 
mapping and simple ‘how to’exercises.
 
The ideas are consequently clustered into more 
concrete design directions and discussed with both 
clients to gain insights. 
 
For a comprehensive overview, all the ideas can be 
found in Appendix D.
 
The ideas could be categorized into several groups: 

Using	orthotic	semi-finished	products
This group consists of orthoses that combine 
components already in use by Livit Ottobock Care.
They use various externally sourced products in 
their orthotic designs to provide various functions. 
These products include hinges, rods, or prefabricated 
carbon shapes.

The preference was expressed during discussions 
with Livit Ottobock Care to avoid using prefabricated 
parts produced by their partners. The reason behind 
this concern is the manual manipulation of the 
attachment rods required for mounting the hinges. 
TThe parts supplied by external suppliers are strictly 
bound by contracts that state that they can only be 
used alongside the delivered attachment materials. 
While it is possible to modify this procedure, based 
on previous experience with carbon-layered orthoses, 
it was discovered that the attachment points for 
bolts, rivets, or other fasteners are the most critical 
areas where stress is concentrated. It was also notes 
as an issue that these connections loosen over 
time, causing the orthoses to rattle[39]. Using these 
components would give a lot of control regarding 
the stiffness behaviour of the orthosis as these are 
set and tested thoroughly by the manufacturers. The 
SLS printed parts would function mostly to facilitate a 
good fit in this scenario.

Springs
This group consists of ideas utilizing the pushing 
or pulling properties of springs to modify the ankle 
moment. These external components can aid in 
delivering the correct ankle moment if the material 
stiffness of SLS-printed parts prove to be insufficient.

The strut of the current orthosis functions as a 
spring.  Adding an additional spring would potentially 
increase the moment generated when the AFO 
deforms. However, it must be kept in mind that a 
slim and lightweight design is considered desirable. It 
might also prove difficult to fit a spring incorporated 
in the AFO inside he shoe, whilst placing it outside of 
the shoe might prove noticeable[15].
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External	strut	stiffness	support
This group consists of combining externally sourced 
materials in combination with SLS prints to provide 
strut stiffness and consequently influence the ankle 
moment.

SLS geometry alterations
This group consists of ideas aimed at altering the 
stiffness of the orthosis by modifying the geometry of 
the SLS-printed parts.

Miscellaneous
This group consists of other ideas not easily grouped. 
They touch on different interesting AFO design 
aspects that can be interesting to keep in mind.

Compared to carbon-layered orthoses, SLS-printed 
parts do not delaminate, providing more design 
freedom. Manipulating the geometry of these parts 
can significantly impact the stiffness of the orthosis. It 
is important to note here that the material properties 
of SLS printed materials are considerably lower 
compared to that ofcarbon-layered composites. 
Therefore, the challenge with this design direction 
would be to ensure the orthosis has sufficient 
strength to withstand deformation and deliver the 
required moment whilst remaining a competitive 
alternative to the carbon dorsal leaf spring orthosis. 
Using excessive material might result in increased 
costs, a design that cannot fit inside of a shoe or a 
heavy orthosis that all have to be considered.

An externally produced strut could give more control 
over the stiffness characteristics of the AFO. The 
material of this component would have to be flexible 
and stiff, which quickly points to a carbon composite. 
Using external elements will likely result in connection 
points. It was stated as an irritation point that 
these connections loosen up over time, rattling the 
orthoses, which is deemed undesirable[39]. However, 
dividing the orthosis into several parts could be 
beneficial for the orientation of the printed parts to 
have the most strength.

These ideas have the potential to be integrated 
with other ideas. They provide more radical design 
directions such as making an active orthosis instead 
of a passive orthosis or using counterweights to 
produce an ankle moment. These ideas provide 
possibilities to alternate the moment produced by 
the AFO independable of the SLS printing technology. 
However, they might be more feasible due to the 
bigger form freedom of SLS printing as compared 
to carbon layering which might facilitate the 
incorporation of such ideas better.
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To better discuss the different ideas, three models 
were composed and compared to effectively 
communicate the various directions this project 
could take with Livit Ottobock Care. They expressed 
relevant factors to consider when fabricating an 
orthosis, such as costs, production time, behaviour, 
and longevity. These models were formed to probe 
which aspects were deemed most relevant and serve 
as conversation points to determine what could work 
and what would not.

The preference was expressed to keep the design as 
slim and light as possible without compromising the 
stiffness behaviour. At the same time, the connection 
points between parts were identified as critical 
areas prone to potential fracturing based on past 
experiences. Working with these connections would 
also result in increased thickness at these points, 
which needs to remain at a minimum.

The decision was made to focus mostly on the 
geometry alterations of SLS printed parts, as this 
could be considered a major advantage of this 
production technique. Emphasizing this aspect 
strengthens the connection between personalized 
orthotic design and SLS printing. This also showcases 
the potential of this technique, which is deemed 
desirable by Parts on Demand.
 
This could potentially result in a solid one-piece 
printed design requiring minimal assembly. Having 
it made from one piece would increase its elegance, 
which is expressed as important by Livit Ottobock 
Care.

The main concern remains whether the SLS-printed 
AFO would be able to provide the desired stiffness 
without fracturing or becoming too bulky to be 
considered acceptable.

Design	direction	1:	Prefabricated	carbon	layered	strut	with	SLS	printed	footplate	and	cuff

Pro’s - Full stiffness control using prefabricated carbon layered strut component, available in different   
 thicknesses produced by Ottobock[40]. 
 - Print orientation of parts can be ideal to ensure the highest stiffness value possible
 - Smaller print volume, resulting in lighter weight and costs

Con’s - Prefabricated struts are only available in 7° outwards rotation, This might not suit all wearers.
 - Attachment points to the footplate SLS printed parts are under the plantar surface of the foot. This  
 can not be thicker than 5mm, making this connection critical
 - Connections that concentrate stress and can get loose
 

Estimated weight prints:  +- 100 grams (excluding strut and connections) 
Estimated price prints:  +- €100,- (excluding tax, strut and connections)
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Design direction 2: SLS printed AFO consisting of multiple pieces

Estimated weight prints:  +- 270 gram (excluding connections)
Estimated price prints:  +- €150,- (excluding tax and connections)

Pro’s - Print orientation of parts can be ideal to ensure the highest stiffness value possible 
 - Divided over multiple parts makes it easier and quicker to print 
 - A part can more easily be replaced if it breaks 
 

 
Con’s - Connections that concentrate stress and can get loose  
 - Assembly required that can result in increased production times
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Design direction 3: One piece SLS print

Estimated weight prints:  +- 250 gram
Estimated price prints:  +- €235,- (excluding tax)

Pro’s - Less concentrated stress points, forces are more equally divided over the body  
 - Less assembly required 
 - More slim, solidly perceived design 
 

 
Con’s - More expensive
 - In general harder to print 
 - Slightly less stiff around the strut due to the impossibility to orient the strut perpendicular to the X or  
 Y axis in the printer
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Form orientation
AFOs can be manufactured in all shapes and sizes. 
SLS-printed AFOs have the added benefit of being 
bound to fewer restrictions compared to carbon-
layered AFOs. 
 
A form exploration was conducted to find a desirable 
shape that could potentially aid in providing an ankle 
moment without adding too much material. These 
forms were drawn taking the critical irritation points, 
as defined on page 28, into account.
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Translating these forms into simple models gave 
insights into their bending behaviour through 
conducting rudimentary finite element analysis using 
simulation in SOLIDWORKS[41]. More information 
regarding this method can be found on page 56.
Some initial ideas build upon the idea of splitting 
the back strut into two, placing material on the 
lateral and medial sides of the foot instead of 
dorsally. However, bending these models gave quick 
insights into the buckling behaviour present with 
these structures. The AFO in the middle of Figure 33 
displays different bending behaviour in dorsiflexion 
and plantarflexion directions. The material would 
also bend outwards in the middle figure during 
dorsiflexion, away from the foot and lower leg. 
However, during plantarflexion, this material would 
bend inwards, potentially clamping the foot and 
lower leg. 
 
Another consideration was to implement an open-
heel design (figure 34). It was experienced personally 
and expressed by an AFO user[39] that equipping a 
dorsal orthosis and putting on shoes proved difficult. 
Putting on the orthosis and stepping into the shoes 
would restrict the bending of the foot, making it 
difficult to put on. Alternatively, already placing the 
orthosis inside the foot and stepping into the orthosis 
and shoe at the same time would require significantly 
loosening up the laces to pull back the tongue as far 
as possible.
 
Placing the orthosis in the shoe and then sliding into 
the shoe and orthosis was experienced as easier, 
as more room was present for the heel. However, 
placing the struts on both sides of the foot showed 
little to no bending behaviour. The open-heel design 
was deemed as something to keep in mind for 
potential implementation in the future, while the 
focus remains on the stiffness behaviour for now.

figure 33: Several shapes tested on their bending behaviour to get a better understanding of the required geometry.
60 newton was applied in both dorsiflex and plantar flex direction at the very top of their designs whilst the ground plate 

was fixed

figure 34: FDM fitted orthosis with side struts. Proved too stiff to function
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Using a simplified FBD of the orthosis (figure 36), 
fixating the footplate similar to the BRUCE method, 
we can calculate the stiffness of the back strut. 
This uses the formula stated before where the 
displacement, applied force and armlength need to 
be known to determine its stiffness:

Stiffness	exploration	1

The main criteria that the SLS-printed AFO has to 
comply with are that it can deliver the same stiffness 
values as conventionally made carbon-layered AFOs. 
Baseline values were measured on page 36 and 37 
regarding the carbon dorsal leaf spring orthosis.
 
Two variables can be utilized in translating these 
stiffness values into orthosis geometry. A big factor 
contributing to the stiffness of the baseline sample 
is its material. Carbon composites are known for 
their high elasticity value. This value, also referred to 
as the Young’s modulus, is a property of a material 
that states how easily it can deform when a force is 
applied.
 
A comparison between the SLS printable materials 
and carbon composites can be found in figure 16 
on page 25. Making an orthosis printable using the 
facilities and materials available at Parts on Demand 
means working with these set values, if no external 
materials are added.

Another variable determining the stiffness of an 
object is its moment of inertia or its geometry. A thick 
beam is, for example, stiffer than a thinner beam 
made of the same material.

For example, the strut present in a PD-AFO provided 
by Livit Ottobock Care can be approached as a beam 
(figure 35). The stiffness of this AFO is influenced by 
the thickness, the length, and the width of the strut 
and its material composition. The carbon dorsal leaf 
spring orthosis produced by Livit Ottobock Care is 
made of a composite material consisting of woven 
carbon fiber sheets and a cured polymer. Its elastic 
modulus can be approached by taking the mean 
value as listed in a material database such as Ansys 
Granta EduPack[27].

 

figure 35: Simplification of the carbon dorsal leaf spring strut 
as beam geometry

figure 36: FBD of simplified carbon dorsal leaf spring strut as 
a beam deflecting

Elastic modulus = 91 Gpa
Dosiflexion angle = 20°
AFO length = 36 cm
Malleoli to top length = 30 cm
width of orthosis (b) = 3 cm

Force  Armlength
Angle  = Stiffness (Nm/°)equation 1

The stiffness of this specific carbon dorsal leaf spring 
orthosis is known as it was measured before. The 
stiffness when dorsiflexing was measured to be 1,23 
Nm/° and 1,14 when plantar flexing.

Approaching the orthosis as a beam deflecting can 
help determine what will happen if another material 
is used for the production of the orthosis. Therefore 
measurements were made and formulas were set 
up to determine the thickness of the strut when the 
orthosis is dorsiflexing. Having set up the formulas 
correctly can tell what will happen to the thickness of 
the strut when another material, or Young’s modulus, 
is used. 
 
The formulas on the next page were set up to 
calculate the thickness of the strut using the following 
measurements taken from the carbon dorsal leaf 
spring reference orthosis: 

Calculations



- 52 -

SYNTHESIS

malleoli to top length

The force applied around the cuff can be calculated 
knowing the positive moment produced by the 
orthosis during dorsiflexion, the length from the 
malleoli to the top of the cuff, and the dorsiflexion 
angle. 
 
The estimated length from the malleoli to the top of 
the cuff is around 30 cm. The angle is defined by the 
maximum range of motion that the AFO needs to 
be able to achieve, which is 20° of dorsiflexion. The 
measured dorsiflexion stiffness is 1.23 Nm/°. By filling 
in these values, we can calculate a force of 82 N 
using equation 1:

The thickness of the beam can be calculated using 
the formula for a fixed loaded beam[42] and the 
formula for the moment of inertia of a rectangular 
shape:

Stiffness  Angle  = Force 1,23  20
0,3  = Force

The combination of these formulas can be used to 
calculate the thickness of the strut. However, for 
equation 2, the deflection needs to be known. This 
can be calculated using trigonometry, which gives us 
a deflection of 13.1 cm through the formula:

tan(angle)  AFO length = deflection

Taking the elastic modulus value of 91 Gpa for a 
carbon composite[27] gives us a moment of inertia of 
1,07  10-10 through filling in equation2:

Force  AFO length3

3  E  Deflection  = I 82  0,363

3  91  109  0,131 = I

Knowing the width of the strut, b = 3 cm, we can solve 
the thickness by filling in equation 3:

b  h3

12  = I 0,03  h3

12  = 1,07  10-10

The calculated strut thickness of 3.5 mm closely 
corresponds to the measured thickness of 3.3 
mm. This provides validation for the mathematical 
calculations, which can then be applied to other 
materials and geometries.

By changing only the elastic modulus values to those 
of the SLS printable materials in these formulas 
while retaining the same geometry, we can estimate 
the resulting orthosis strut thicknesses if printable 
materials are used.

Filling in the respective values of 3.816 GPa for 
CarbonLW, 1.75 GPa for PA12, 3.45 GPa for PA11GF, 
and 1.78 GPa for PA11 (taken from figure 16) gives 
calculated strut thicknesses of:

Force  AFO length3

3  E  I  = deflectionequation 2

equation 3 b  h3

12  = I

equation 4

CarbonLW = 11 mm 
PA12 = 14.5 mm 
PA11GF = 11.3 mm 
PA11 = 14mm
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To better give insights into the material behaviour, 
test prints were produced both to validate the math 
and to measure if the SLS printed materials would 
be elastic enough to refrain from breaking when 
deflecting. 
 
A prototype was modelled and manufactured 
consisting of 3 SLS printed parts (figure 37). This 
model was made to have interchangeable struts to 
save on printing costs and reduce manufacturing 
time. 
 
Four struts were printed using the available four 
SLS printable materials with thicknesses calculated 
using the formulas as depicted on the previous pages 
(figure 39). 
 
The ‘cuff’ and ‘foot piece’ were printed using 5mm 
thick PA11, chosen for its high elongation capability 
to ensure durability during testing, minimising the risk 
of fracture for these parts. 
 
The four different struts were mounted in the orthosis 
and BRUCE stiffness measurements were conducted 
to visualise their bending behaviour and to see if 
the values would be similar to the measurements 
conducted with the carbon dorsal leaf spring AFO. 
 
The values can be found in the graphs depicted in 
figure 40 to 43. The Pa11GF strut was not measured 
in these tests due to human forgetfulness. These tests 
were conducted in the UMC in Amsterdam with time 
constraints and Pa11GF was in haste forgotten. It 
can be concluded from the other test results that the 
stiffness would be most likely within a 15% deviation 
range from the stiffness values measured with the 
carbon dorsal leaf spring orthosis.

 
 

Measurements

figure 37: 3 piece strut testing SLS printed model

figure 39: interchangeable struts. Carbon LW 11.0mm, Pa12 
14.0mm, Pa11GF 11.3mm, Pa11 14mm

The stiffness values derived from these graphs are 
somewhat similar to the values of the carbon dorsal 
leaf spring orthosis. What can be seen in the test 
results is that the negative moments of the SLS 3-part 
orthosis are larger than the positive moments.  
This is because the PA11 footplate and cuff pieces 
were not stiff enough and showed defective 
behaviour as well as the struts. Whilst dorsiflexing 
the walls around the heel would fan out, reducing its 
stiffness. 
 
It can be seen in figure 41 that the carbonLW strut 
broke during dorsiflexing. The breaking was exactly 
at the point where the bolt was attached (figure 38). 
This was to be expected as it was hypothesised that 
these points would be the most critical as stress due 
to concentrated stress. It was also logical that the 
carbonLW sample broke as this material is the most 
porous and least flexible (figure 16).

figure 38: breakline of carbonLW strut during measurments
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figure 40: average stiffness of 1.16Nm/°, positive moment of 1,23Nm/°, negative moment 
of 1.14Nm/°

figure 41: average stiffness of 1.09Nm/°, positive moment of 1.04Nm/°, negative moment 
of 1.47Nm/°

figure 42: average stiffness of 1.31Nm/°, positive moment of 1.26Nm/°, negative moment 
of 1.40Nm/°

figure 43: average stiffness of 1.27Nm/°, positive moment of 1.33Nm/°, negative moment 
of 1.62Nm/°
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The results from these tests emphasised the porosity 
of CarbonLW. The high stiffness can be a good fit 
for the production of orthosis, but the low flexibility 
results in a shorter life of use. As stated before, the 
AFO needs to at least have a range of motion of 15 
degrees plantarflexion and 20 degrees dorsiflexion. 
The achieved ROM is dependent on the client, but the 
AFO will need to provide the possibility to reach these 
angles without breaking or plastically deforming. 
 
Carbon LW will most likely be incapable of reaching 
these angles and thus a decision was made regarding 
the material most suitable for the production of 
the orthosis (figure 44) regarding material and AFO 
criteria. Comparing these qualities gives a slight 
advantage to PA11. This material will therefore be 
used further on for tests. 
 
Youngs modulus 
The elastic modulus was assessed on its magnitude. 
The higher this value, the thinner the orthosis can 
most likely be produced resulting in a slimmer, lighter, 
cheaper and overall more desirable design. 
 
Brittleness 
The brittleness was assessed on its flexible behaviour 
as a result of its tensile strength, elongation at break 
and flexural modulus values as listed in figure 16. 
 
Skin contact 
The AFO will not directly come into contact with the 
skin but Livit Ottobock Care has expressed the desire 
to have a skin-contact-approved ankle foot orthosis 
to guarantee a safe product. Parts on Demand can 
use the premium vapour polishing treatment on 
all materials that fuse the surface making it more 
smooth and thus preventing rubbing of the skin. 
However, glass and carbon fibres present in the 
printed material still give concern.
 

figure 44: Harris profile concerning material choice

Material evaluation

PA11 would be the most suitable here as Parts on 
Demand has it certified to be skin contact approved 
and even food safe with the appropriate treatments. 
 
Delivery Times 
This is again a measurement based on the data in 
figure 16. Materials are allocated to printers based on 
the demand for the materials. Currently, PA12 is by 
far in the greatest demand with TPU and CarbonLW 
the least. However Parts on Demand are predicting 
an increase in PA11 orders, as this is still a relatively 
new material similar to PA12, but with increased 
properties and other advantages. 
 
Price 
A quote was determined for an AFO model and prices 
were determined for each of the materials[43]. 
Each material is priced the same except for 
CarbonLW which is approximately 15% more 
expensive. 

Customizability 
85% of the carbon dorsal leaf spring orthoses are 
produced for kids[12]. It was noted that almost all 
kids expressed the desire to have a customized AFO 
through the use of a print that is added over the 
orthosis. Parts on Demand can not add prints to their 
products but can colour them. This is not feasible 
for PA11GF and CarbonLW prints, as they emerge 
from the printer in a black colour and thus do not 
adequately absorb lighter pigments[21]. 
 
Sustainability 
Only PA11 is made from a sustainable source: caster 
oil and thus has a lower sustainable impact[44]. 
Carbon LW and PA11GF are composites while PA12 
consist of a single material. 
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Stiffness	exploration	2

Ankle trimline simulations
The stiffness tests conducted with the 3 piece orthosis 
gave insights into the material choice, thicknesses 
and geometry behaviour. Calculating the cross-
section of the beams approached the stiffness values 
aimed for by the carbon dorsal leaf spring orthosis, 
but resulted in limiting the AFO strut to a rudimentary 
beam design too thick to be worn inside of a shoe. 
Making a Pa11 AFO with a strut shaped like a beam 
results in a product thickness of 14mm if it was the 
same width as the carbon dorsal leaf spring orthosis. 
This exceeds the design requirement of having a 
maximum of 5mm thickness around the heel and 
thus another design solution is necessary. 
 
The strut is flat and approximately 3,3mm thick in 
the dorsal leaf spring AFO made by Livit Ottobock 
Care. This piece of carbon is flat as this shape divides 
the stress better over its length. This is beneficial for 
the carbon composite as it decreases the chance 
of delamination[45]. This also places the force 
perpendicular to the web of fibres. As seen in figure 
45.1, the force is evenly distributed when the strut 
is flat. In figure, 45.2 a semicircle beam is used. The 
stress is concentrated at the edges of the beam and 
not perpendicular to the layers of the carbon fibres. 
This can create shear cracks at these spots which 
will, in due time, result in delamination. Thus Livit 
Ottobock Care ensures the strut is flat to prevent this 
from happening[12]. 
 
SLS printed materials, on the other hand, do not 
delaminate and are near isotropic[21]. This means 
that more geometric freedom is available in general, 
but also in the cross-section of the AFO through the 
transverse plane as the stress exerted on the strut 
does not have to be divided equally along its width. 
 
 

 

Because of this, a shape is possible that follows the 
curvature of the leg more closely, such as the shape 
in figure 45.2. 
 
This shape, unlike the rectangle, will not bend 
symmetrically. The axis of revolution as a result of the 
force applied and the direction will result in different 
behaviour on either side. Because of this, the shape 
will bend outwards when force is applied from the 
curved side, as also seen around the heel of the foot 
in the three-piece interchangeable strut prototype. 
This is no direct problem for the fitting as it bends 
away from the leg and thus does not pinch it, but it 
also results in different stiffness values for the plantar 
flex en dorsiflex moments. 
 
 
 
 

figure 45.1: stress distribution of a rectangular beam, 45.2:  
a semicircle made out of layered carbon composite

Only using this shape for the strut does not result 
in enough stiffness whilst staying under the 5mm 
thickness requirement around the heel. Simulations 
using finite element analysis were made in 
Solidworks[41] to more closely determine what is 
happening when forces are applied to more complex 
shapes. This can be approached mathematically, 
as done before in the previous chapter, but is 
considerably more complex. Therefore the decision 
was made to simulate the bending behaviour.  
 
For this setup, the footplate is fixed, as close to the 
mounting method of the BRUCE setup as possible, 
and 60N is applied at a height of 300 mm in the 
dorsiflex direction divided over the surface of the 
cuff. The large displacement option is used to provide 
more accurate results and the true scale deflection is 
shown to better evaluate its results.

figure 46: vonMisses stress concentration through FEA
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The FEA method of SolidWorks can simulate the 
deformation and displacement that occur in the 
model and thus the stiffness can be calculated. Also, 
the stress concentration can be visualised to better 
see what is happing with the model (figure 46). It 
becomes evident when looking at this figure that the 
stress concentrates at the critical point around the 
heel. This is considered the weakest point according 
to the FEA. This means that increasing the moment 
of inertia in this specific place would yield the biggest 
increase in stiffness. 
 
Consequent FEA models were made and calculated 
(figure 47). Applying more material around the 
foot in this area results in less displacement and 
consequently more stiffness. 
 
 
 

figure 47: 60N applied, 44.1; low ankle trimline, 44.2: medium ankle trimline, 44.3: high ankle trimline

This gives a design parameter that can be used to 
influence the stiffness values of the strut; increasing 
the surface area around the heel (figure 48). This is 
also an aspect of the AFO that would not have been 
possible for the carbon fibre variant as it would most 
likely delaminate around these edges as stress is 
concentrated in these places. 
 
It has to be kept in mind however that stress will 
concentrate in this place. The tensile strength of Pa11 
is around 50Mpa. Exceeding this threshold will result 
in plastic deformation. This is something that has to 
be regarded closely when increasing or decreasing 
the ankle trimline to see what the vonMisses stress 
concentration is. It will also have to be closely 
regarded that the geometry here will not come 
into contact with the malleoli, which would create 
irritation points.

figure 48 Design opportunity; increasing AFO surface area 
around the heel increases stiffness
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Point C Point D Point E

The thickness of the AFO shell remains important for 
the stiffness of the orthosis. A key factor to consider 
here is the prescribed maximum thickness around the 
heel requirement (point D in figure 49).The thickness 
of the orthosis cannot be bigger than 5mm for the 
AFO to fit inside a shoe. This applies to points A to 
D in figure 49. These points will have to stay below 
this value and ideally be as low as possible for a slim 
design. Point A and B are of great influence on the 
stiffness around the MTP line, and page 68 and 69 
will further look into this.

To determine the relevance of the other points, FEA 
simulations were conducted. These simulations 
mainly focused on points C to E as these points 
experience the most stress. Their relevance is mapped 
out in figure 50.

These values were calculated by increasing or 
decreasing the thickness of the orthosis at these 
points and measuring the displacement difference 
when a load of 50 Newtons is applied (Appendix E).

It can be seen in figure 50 that increasing the 
thickness at point E has the biggest impact on the 
stiffness of the orthosis compared to points D or C. 
This is due to the geometric shape, which has a larger 
moment of inertia at points C and D compared to E 
(figure 51). Thus, a balance between these two factors 
has to be found to create the appropriate stiffness.

At points C and D, the orthosis cannot be too thick, 
or else it will not fit inside a shoe. The cross-section 
shape at point D cannot extend too far beside the 
foot as it will come into contact with either malleolus, 
which is undesirable.

Multiple FEA simulations were conducted, tweaking 
the thicknesses and geometry at these points to 
approach the desired plantar flex and dorsiflex 
stiffness values of 1.23 Nm/° and 1.14 Nm/°.

figure 49: Cross section of AFO in parasagital plane

figure 50: relevance of increasing thickness
at points C, D and E

figure 51: thickness cross-section at point C, D, E and F 
generated using a foot model provided by Livit Ottobock 

Care

SYNTHESIS



- 59 -

SYNTHESIS

Simulated	stiffness	in	relation	to	BRUCE	
stiffness
A comparison between the values generated through 
finite element analysis, the home measurement 
values and BRUCE measurements were made to 
validate if the FEA stiffness values were accurate. This 
was done using the 3 piece prototype as the data of 
all three measurement methods was available. The 
offset angle of the BRUCE measurements was set to 0 
in figure 52 to create a more even comparison. 
 
What can be seen in figure 52 is that the stiffness 
values of the BRUCE measurements are considerably 
lower than that of the simulated measurements and 
home measurements. Mapping out the difference 
between BRUCE measurements and simulated 
measurements gives figure 53. It is this difference 
that needs to be accounted for when simulating a 
model. What can be seen is that this is not a linear 
difference. Especially in the plantarflex direction it 
can be seen that this is an exponentially increasing 
difference. Therefore a polynomial line, with an 
R2 value of 0,995, was fitted to the data[46] which 
generated the difference quadratic formula of:

This formula does not fit perfectly as there is not 
much data available. This is currently based on 
two datasets; the BRUCE measurements and the 
simulated stiffness of a single prototype. However, it 
can for now be used to better predict the difference 
between these two measurements.

The data used in figure 52 and 53 can be found 
in appendix F. The BRUCE data was omitted as it 
contained over 4500 entries.

-0,015  angle2 + 0,657  angle + 0,54 = Δmoment (Nm)

figure 52: Simulated stiffness, home measurements and BRUCE measurements of 3 part prototype

figure 53: difference between simulated stiffness and BRUCE measurements with fitted trendline
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Using this formula on the desired stiffness behaviour 
measured using the BRUCE setup of the carbon 
dorsal leaf spring orthosis (figure 54) creates figure 
55. In this figure the SVA is offset to 0 and the 
stiffness is calculated using:

 BRUCE measured moment + Δmoment
= desired simulated moment

This translates the BRUCE measurements 
conducted with the carbon dorsal leaf spring AFO to 
approximate FEA simulated stiffness values. 
 
Having a rough idea of how the simulated stiffness 
translates into BRUCE-measured stiffness, a new 
model can be made by iterating on the different 
thickness values depicted in points A to G in figure 
49. This resulted in an AFO model visible in figure 57. 
This model was made using a strut, 5,5 cm wide and 
2 cm deep (figure 58). The model was made to closely 
represent the carbon dorsal leaf spring orthosis and 
thus has the same footplate length and cuff height of 
24 cm and 36 cm. The simulated stiffness compared 
to the desired simulated stiffness can be found in 
figure 56.

figure 54: BRUCE stiffness graph of the dorsal leaf spring AFO provided by Livit Ottobock Care

figure 55: BRUCE measurements of carbon dorsal leaf spring orthosis translated into desired FEA stiffness behaviour figure 56: Simulated stiffness of new prototype compared to 
desired simulated stiffness

SYNTHESIS
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figure 57: CAD model and SLS print of prototype 2345644

Averaging out the stiffness when dorsiflexing 
approximates the desired simulated stiffness. 
However, in the plantarflexion direction, the stiffness 
of this prototype is significantly higher. A compromise 
had to be made in this prototype as attempts to 
decrease the stiffness in the plantar flex direction also 
decreased the stiffness in the dorsiflex direction. The 
decision was made to focus on the dorsiflex stiffness 
in this prototype and later iterate on the design to 
also correct the plantarflex stiffness. 
 
This model was SLS printed in one piece with a PVP 
post-processing treatment to best represent the final 
orthosis. 
 
The thicknesses at points A through G were 
2mm, 3mm, 4mm, 5mm, 6mm, 4mm, and 4mm, 
respectively. Hence, this prototype was named 
prototype 2345644. 
 
These thicknesses and this geometry were based 
on the simulated behavior depicted by the model 
during finite element analysis. The measurements 
and data of these simulations can be found in Figure 
56. From this data, it can be derived that the average 
simulated stiffness is calculated to be 2.27 Nm/°. 
The average positive moment is 2.03 Nm/°, and the 
average negative moment is 2.51 Nm/°.

figure 58: cross section measurements of the strut at 10 cm 
height
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Stiffness	evaluation	of	prototype	2345644

figure 59: home setup stiffness compared to BRUCE measurements of prototype 2345644

SYNTHESIS

The stiffness characteristics of the prototype were 
evaluated using two different methods: a home 
setup, resembling the setup used for the MTP 
stiffness measurements of the carbon dorsal leaf 
spring orthosis (Appendix C), and the BRUCE setup. 
The stiffness of the strut was measured in both the 
plantarflexion and dorsiflexion directions.

Due to the orthosis exhibiting nonlinear behavior, the 
stiffness in the dorsiflexion direction was measured 
three times with the home setup. The combined data, 
along with the BRUCE measurements, is presented in 
figure 59.

Both of these methods were used and compared 
using the same prototype to validate if the home 
setup would be accurate and precise enough 
to provide reliable results. Having a dedicated 
setup within reach would speed up the process 
of conducting stiffness tests and result in quicker 
iterations.

However, as can be seen in figure 59, the stiffness 
measurements between the home setup and BRUCE 
setup differ greatly. The home setup measured 
a positive moment of 1.35 Nm/° and an average 
negative moment of 2.41 Nm/°, with an overall 
average stiffness of 1.69 Nm/°. The BRUCE setup 
measured a positive moment of 0.7 Nm/° and an 
average negative moment of 1.04 Nm/°, with an 
overall average stiffness of 0.87 Nm/°.

The most significant outcome derived from these 
tests regards the breakage of the prototype during 
plantar flexion at approximately -12 degrees (shifting 
the neutral angle to 0) while conducting the BRUCE 
measurements. This result is undesirable considering 
that the AFO should be capable of reaching an angle 
of -15°, as documented in the list of requirements.

The prototype did not exhibit linear behaviour in 
the dorsiflex direction, thereby the value of these 
averages.

The home setup does not produce similar results 
compared to the BRUCE measurements.

The prototype displayed excessively high stiffness 
values in the home setup measurements and 
excessively low stiffness values in the BRUCE 
measurements.

Next to the breakage of the orthosis, there are 
several other things that can be concluded from 
figure 59:

figure 60: fractured prototype 2345644
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Fracture resistance
Addressing the most important finding: the breakage 
of the prototype. It was already identified in the 
chapter concerning the ankle trim line that stress is 
concentrated around the edge of the prototype and 
that it is not evenly distributed. It is predicted that the 
2345644 prototype broke due to stress concentrated 
around the heel. This fracture occurred precisely at 
the location where stress concentration was identified 
through FEA, as can be seen in figure 64. This 
location was also roughly predicted by other sources 
such as Raj et al. (2022a)[4] and Marques et al. (2010)
[51]. 
 
An important factor contributing to the fracture of 
prototype 2345644 was its print orientation. Although 
SLS printing is known for its near-isotropic properties, 
it is not entirely the case. The tensile strength of 
PA11, the material used for the prototype, is 51 MPa 
in the X and Y directions, while it measures 47 MPa 
in the Z direction[24]. This difference may be perceived 
as negligible on paper, but the engineers at Parts on 
Demand experience a more substantial difference 
between these directions and advise altering the 
print orientation for increased strength at this specific 
point.[36] 
 
Prototype 2345644 was printed using the orientation 
visible in figure 61.1. This orientation places the print 
lines in the Z direction directly along the fracture line 
of prototype 2345644 (figure 62.1). Altering the print 
orientation would change these lines and potentially 
make them more resistant to fracture. 
 
The current print orientation was influenced by 
the other prints included in this specific batch. The 
part was oriented using specialized software to 
optimize the parts included in the batch. The print 
orientation was not specified for this prototype, so no 
consideration was made for its orientation. 
 

figure 62.1: alignment of Z axis lines in prototype 2345644 
62.2 longer Z axis lines in print orientation 59.5

Some print orientations were considered for next 
iterations of the AFO. The ideal orientation of placing 
the lines perpendicular to the fracture line can be 
seen in figure 61.2. This would potentially resist 
fracturing the most but is not a realistic option. As 
listed before, the printers over at Parts on Demand 
have a maximum print volume of 300x300x570. 
The bounding box of the carbon dorsal leaf spring 
orthoses are estimated to range from 300x200x80 
to 500x290x110 and thus cannot be printed in every 
orientation. This makes the bounding boxes visible in 
figure 61.2 and 61.3 too large to be printed in their 
orientations. 
 
What is possible is to rotate the print in the frontal 
plane resulting in figure 61.5. Printing in this 
orientation will result in Z axis lines visible in figure 
62.2. It is predicted this will increase its resistance to 
fracture at these concentrated stress points as the Z 
lines point in different directions and are longer from 
these stress points. A preference for print orientation 
can be specified to Parts on Demand where it will be 
considered.

figure 61: print orientations and bouding boxes; 61.1: 230x100x440mm; 61.2: 440x100x230mm; 61.3: 
355x100x280mm 61.4: 280x100x355mm; 61.5: 280x300x320mm
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Another consideration to reduce concentrated stress 
at the area around the heel is to even out the stress 
area. The stress currently collect in a kink around the 
heel. The stress reaches a high magnitude as it is 
concentrated in such a small area. Distributing it over 
a bigger area and smoothing out this curve could 
potentially reduce the stress.

An interesting paper regarding beam theory by a 
Taylor et al. (2011)[52] introduces a more variable 
slope instead of a constant radius to a shape similar 
to the strut of an orthosis (figure 63). The variable 
slope distributes the force more evenly over the shape 
and thus reduces its magnitude.

Applying this principle to the AFO gives promising 
results through FEA (figure 64). By adjusting the curve 
present in the heel arch to this more gradual slope 
reduces the stress by +- 40% from 1,3e7 N/m2 to 0,8e7 
N/m2. This will most likely help to reduce the change 
of fracture and should be implemented for the next 
prototype.

figure 64: on the left; stress concentrated around the heel in prototype 2345644 with a rounded heel arch and 
on the right; stress concentrated at the strut in a new prototype with a gradual sloped heel arch 

figure 63: stress accuring in a shape with filleted radius (non optimized) vs gradual slope (optimized). Fixed on one side and 
loaded in tension at the top edge
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More closely examining the stiffness behaviour of 
the orthosis reveals that it loses its stiffness in the 
dorsiflexion direction due to buckling around the 
heel.
 
This makes the stiffness behaviour of the 2345644 
different in the plantar flex and dorsiflex direction 
whilst the carbon dorsal leaf spring AFO has a near 
linear behaviour. 
 
Implementing the gradual slope heel arch already 
solves some of this problem as it places the stress 
higher up the strut, flexing the strut more instead of 
the heel arch. The gradual slope adds more material 
around the heel, strengthening this part as well.
 
To further address this issue, the decision was made 
to increase the thickness around the heel from 4 mm 
to 4.5 mm. This would still be below the maximum 
requirement of 5 mm, as listed in the design 
requirements.
 
It can be stated that the orthosis will have slightly 
greater stiffness when dorsiflexing in a real-use 
scenario. If an inner shoe is attached to the bridge of 
the orthosis and/or a shoe is worn over the orthosis, 
the force fanning out from the heel to the sides is 
counteracted. However, considering how pliable most 
shoes are, this will likely have minimal effect.

It is predicted that these adjustments will provide 
some improvement but will not completely eliminate 
buckling. Although they provide some insights, 
both the FEA method and the home setup stiffness 
measurements have proven to be inaccurate. 
Therefore, a trial-and-error approach is being used for 
this optimization.

Buckling prevention With a better understanding of this problem and 
a more accurate estimate of how the geometry 
influences the measured stiffness, a new model can 
be created to further iterate on the design and closely 
resemble the stiffness behavior of the carbon dorsal 
leaf spring orthosis.

One aspect to consider regarding the buckling of 
the orthosis that has to be kept in mind is that the 
sideways forces will likely translate into pressure 
exerted on the top of the wearer’s foot (figure 66). 
This raises the question of how comfortable it will 
be to wear an orthosis exhibiting this behaviour and 
should be tested.

figure 66: fanning out material from the heel may translate 
into stress pointing down and clamping the foot when 

wearing an inner shoe or shoe around the orthosis

figure 65: buckling around the heel
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Stiffness	exploration	3

The moment of inertia of prototype 2345644 was 
more closely regarded to better understand how the 
difference between the moment in the plantar flex 
and dorsiflex direction could be more reduced.
 
The current shape of the strut is made in such a way 
as to offer great resistance to deformation in one 
direction and less resistance in the other direction 
(figure 68). During dorsiflexion, the shape buckles, 
while it provides additional resistance in the plantar 
flexion direction. This is not the case for the carbon 
dorsal leaf spring orthosis as the strut has a more 
symmetrical shape (figure 67.1). Having this shape 
translated to the SLS AFO results in a thick design, 
as used in the 3 piece prototype struts. However, the 
curved thin shape used in prototype 2345644 can 
also be made symmetrical resulting in the shape 
visible in figure 67.4. 
 
Using this symmetrical shape throughout the entire 
backside of the strut is not feasible as the increased 
thickness would prevent it from fitting inside the shoe. 
However, this geometry can be utilized above the 
shoe line. 
 
Efforts were made to model and simulate more 
symmetrical strut designs to assess their effects 
(appendix G). Although the FEA simulations do not 
provide exact stiffness values, they help determine 
the stiffness difference between dorsiflexion and 
plantar flexion. Ridge-like structures were modelled 
to facilitate easy modification and alteration of their 
designs and volumes.

 

figure 68: the U shape of the strut has more resistance to 
bend in one direction and less in the other direction

Moment of inertia shapes

figure 67.1: squared flat symmetrical shape, 67.2: positive curve offering great resistance for forces pointing upwards, 
67.3: negative curve offering great resistance for forces pointing downwards, 67.4: blend of negative and positive curve 

resulting in symmetry

The models in Appendix G were not simulated 
with the same strut width and thus do not 
present accurate stiffness values. To evaluate the 
effectiveness of the designs, a score was assigned, 
which is the positive moment divided by the negative 
moment. This score represents the ratio between the 
two values. A higher score indicates less stiffness in 
the plantar flexion direction and higher stiffness in 
the dorsiflexion direction.
 
Based on these tests, the two best ridge designs 
were identified (figure 69 and figure 70). The decision 
was made to proceed with the design in figure 70, 
considering the material used in the design. Less 
material results in reduced weight, which is perceived 
as more comfortable and cost-effective. Additionally, 
having thinner parts in the design is preferable for 
the PVP and color treatment, as it ensures more even 
impregnation, resulting in a smoother surface and 
uniform coloration of the part[21].



- 67 -

SYNTHESIS

figure 69.1: More symmetrical strut shape for more even 
stiffness in plantarflex and dorsiflex direction

figure 69.2 Cross section of strut at point E

Anti-curve design attached to the strut for a more 
symmetrical moment of inertia.

weight: 247 gram
negative moment: 1,88Nm/deg
positive moment: 1,75Nm/deg

positive moment / negative moment = 0,931

The width of the strut can be reduced compared 
to prototype 2345644 to decrease its plantar flex 
stiffness. Additionally, the width, height, length, and 
position values of the ridges can be adjusted to 
increase the dorsiflexion stiffness. 
 
The inclusion of ridges in the model introduces 
another set of parameters that are used in the design 
of the orthosis. To better explain which parameters 
are used to tweak the stiffness of the orthosis, a 
detailed overview of how the current model is built is 
necessary which can be found on page 74 to 77.
 
By incorporating the sloped heel arch in this design, 
the stress is distributed higher up the strut. As a 
result, the strut undergoes more elastic deformation 
compared to the previous prototype. In the previous 
design, the heel arch experienced more buckling, 
whereas in the current design, the strut buckles to a 
greater extent indicating the pressure is more present 
here hopefully reducing the chance of fracture.

figure 70.1: Two fins fanning out shape for more even 
stiffness in plantarflex and dorsiflex direction

figure 70.2 Cross section of strut at point E

Filleted, dissolving fins attached to the strut for a 
curved dog bone-like moment of inertia 

weight: 218 gram
negative moment: 1,83Nm/deg
positive moment: 1,72Nm/deg

positive moment / negative moment = 0,940
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Force  Armlength3

3  E  deflection 3  1,78e9  0,035

MTP	stiffness
In prototype 2345644 the MTP stiffness was excluded 
as a simplification. Some tests were conducted  
to examine the thickness of the footplate and its 
resulting moment, aiming to determine the required 
thickness to achieve the same moment as the carbon 
dorsal leaf spring orthosis.
 
Samples were designed with estimated thicknesses 
based on the formulas described on pages 51 and 52. 
For the MTP samples, the FBD in figure 71 was used 
with a length value of 9,5 cm and a footplate width of 
7,2 cm.

The FBD was derived from the method used to 
measure the MTP line in the dorsal leaf spring 
orthosis, as illustrated in appendix C.

Calculations
The stiffness along the MTP line of the carbon dorsal 
leaf spring orthosis was calculated through 

SYNTHESIS

Force  Armlength
Angle  = Stiffness (Nm/°)equation 1

Force  Armlength3

3  E  I  = deflectionequation 2

equation 3 b  h3

12  = I
Force  Armlength

Angle  = Stiffness (Nm/°)

Which resulted in a value of 0.24 Nm/°, as explained 
on page 37. This value can be used as a starting 
point for determining the required thickness of the 
footplate to achieve a similar flexible behavior while 
using a different material.

Again, looking at the simplified FBD in figure 71, 
equation 1 can be used, with any angle, for example 
20, to determine the ground force at that point:

Stiffness  Angle
Armlength  = Force 0,24  20

0,095  = 50,53 N

The moment of inertia can be calculated knowing the 
force, the deflection, arm length and material (Pa11, 
1,78e9 Pa) through:

The deflection can be calculated knowing the 
deflection angle and the length of the beam through:

tan(angle)  Armlength  = deflectionequation 4

tan(20)  0,095 = 0,035 m

 = I 50,53  0,0953
 = 2,32e-10

Using the moment of inertia, the new footplate 
thickness is calculated through:

0,072  h3

12  = 2,32e-10

This results in a thickness of 3,38 mm. 

figure 71: Simplified FBD around the metatarsophalangeal 
joints
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The test setup used for measuring the stiffness of 
the samples is illustrated in Figure 73. Further details 
and information about these tests can be found in 
Appendix H. 
 
SLS printed samples were measured to approach 
the aimed for value of 0,24 Nm/°. These samples 
mimicked the shape of the foot with variable 
thicknesses and were used in the same test setup to 
measure their stiffness. 
 
It can be derived from these measurements that the 
thickness of the sole will likely have to increase to 
approximately 3,5 mm compared to the measured 
2,2mm of the carbon dorsal leaf spring footplate. 
The current AFO is used in combination with an inlay 
sole that sits between the AFO footplate and the 
sock of the user. Increasing the footplate thickness 
would have to be counteracted by a reduction of the 
thickness of this foot sole. These soles are currently 
produced by Livit Ottobock Care themselves through 
CNC milling. These foot soles cannot be produced too 
thinly or else they will lose their rigidity underneath 
the CNC machine and would fail.

 

Force  Armlength
Displacement  = Stiffness (Nm/°)

Exploring the potential influence on the production 
of the foot soles would be a valuable aspect 
to consider in the continuation of this project. 
Further investigation is needed to determine how 
adjustments to the footplate thickness would affect 
the production process of the foot soles.

figure 73: Schematic overview of test setup

Measurements
To verify the accuracy of the calculations, small-scale 
samples were printed and tested. Two variables 
were measured: the displacement at the point where 
force is applied and the corresponding force at that 
point. By knowing the length of the sample, we can 
calculate the stiffness using the formula used for 
determining the thickness:

SYNTHESIS

figure 72.1: average stiffness: 0,102 Nm/° figure 72.2: average stiffness: 0,134 Nm/°

figure 72.3: average stiffness: 0,177 Nm/° figure 72.4: average stiffness: 0,245 Nm/°
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Resulting Ridge prototype
The knowledge collected so far is combined into a 
new prototype. This prototype was dubbed the Ridge 
prototype due to the inclusion of ridge-like structures 
on the back of the strut.

Comparing the ridge prototype to the 2345644 
prototype gives the following differences:

SYNTHESIS

The thickness around the heel is increased to 
4,5mm (point C in figure 46) compared to 4.

The thickness of the strut is reduced to 5mm (point 
E in figure 46) compared to 6mm

The thickness at the MTP and tip point of the 
footplate are increased to 3,5mm (point A and B in 
figure 46) compared to 2 and 3mm.

The shape of the heel arch has been adjusted to be 
a gradual slope instead of an even fillet

Ridges are present at the back of the strut placed 
4 mm from the edges of the strut, 7mm wide and 
protruding 6mm.

The strut has been reduced in width from 60 mm to 
53 mm as the most stiffness now derives from the 
ridges

The CAD model has been tweaked to be more 
symmetrica and ‘clean’

The model weights in at 235 grams compared to 
the 215 grams of prototype 2345644

The model costs €260,- to print compared to the 
€240,- of prototype 2345644 (both excluding tax)
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This prototype, just like the 2345644 prototype has 
been printed using PA11 and vapour polished to 
prevent moisture absorption and to smooth out the 
surface. The decision was made to dye this prototype 
blue for a more clear distinction between the two.

SYNTHESIS

Stiffness	evaluation	of	the	ridge	prototype
BRUCE measurements were conducted to measure 
its actual stiffness. The home setup measurements 
proved unreliable so none were conducted for 
this prototype. The data regarding the BRUCE 
measurements can be found in Appendix I. 
 
During the BRUCE measurements, an average 
negative moment of 1.54 Nm/° and an average 
positive moment of 1.00 Nm/° were recorded.
 
A comparison between the measurements obtained 
from the ridge model and those conducted with 
the 2345644 prototype is presented in figure 74. To 
facilitate a more accurate comparison, the neutral 
angle of both orthoses was offset to 0. 
 
It is evident from this figure that the stiffness has 
increased in both the plantar flex and dorsiflex 
directions. Although the dorsiflex direction still 
exhibits some buckling, it is significantly reduced 
compared to the previous prototype. Additionally, 
figure 74 demonstrates that the ridge prototype 
can withstand a greater plantar flex angle without 
fracturing. figure 74: BRUCE stiffness comparison between prototype 2345644 and the ridge prototype
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Figure 75 shows the comparison between the 
ridge prototype and the carbon dorsal leaf spring 
measurements. The data shows some deviations 
between the ridge prototype and the carbon dorsal 
leaf spring AFO:

The dorsal leaf spring AFO shows more linear 
stiffness behaviour than the ridge model 
 
The ridge prototype is slightly stiffer than the dorsal 
leaf spring orthosis in the plantar flex direction 
 
The ridge prototype is slightly less stiff than the 
dorsal leaf spring orthosis in the dorsiflex direction 
 
The ridge prototype buckles in the dorsiflex 
direction

What can also be seen in Figure 75 is that the carbon 
dorsal leaf spring AFO was measured using larger 
angles. This is due to how the BRUCE setup used by 
the Amsterdam Medical Centre operates, as the data 
measured during the test is in volts. The current setup 
can only convert these values afterward into the 
correct angle and moment. Therefore, the magnitude 
of the angle was indeterminable while conducting the 
test, and estimates were used.

MTP	stiffness	evaluation

A home setup was used to evaluate the MTP stiffness 
of the footplate. Ideally, the BRUCE setup was also 
used to validate the characteristics of the MTP line. 
Unfortunately, the BRUCE setup employed by the 
UMC in Amsterdam was still unable to measure the 
stiffness around the MTP joints. 

 
figure 76: Homestup measurements of MTP stiffness in the 

Ridge prototype

However, since the stiffness through this line was 
also measured using the home setup with the 
carbon dorsal leaf spring orthosis, using the same 
setup again for the Ridge orthosis will provide high 
precision but possibly low accuracy. It will, at least, 
indicate if it behaves comparatively to the MTP 
behaviour of the carbon dorsal leaf spring.

 

figure 75: BRUCE stiffness comparison between the ridge prototype and the carbon dorsal leaf spring orthosis
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figure 77: footplate without side support should have been closer to the MTP line

The data for the ridge prototype MTP measurements 
can be found in Appendix J. This data can be used 
to generate the graph in figure 76, which consists of 
three different measurements combined. A trendline 
is fitted to the data to better visualize its average 
stiffness. The calculated stiffness is 0.22 Nm/°, which 
is considered very comparable to the target value of 
0.24 Nm/°.
 
According to the experts at Livit Ottobock Care[14], 
the ridge prototype featured an exceptionally long 
footplate tip. It was suggested that the flanks 
on either side of the footplate, which provide 
mediolateral stability and prevent the footplate from 
bending, should have been extended further towards 
the MTP joint line (figure 77).  Implementing this 
change would increase the stiffness by reducing the 
length of the arm. Consequently, it would be possible 
to decrease the thickness of the footplate to a value 
below the current 3.5 mm, while still achieving the 
desired stiffness of 0.24 Nm/°. This modification 
should be considered for the next iteration.
 
The footplate of the carbon dorsal leaf spring orthosis 
can be fabricated using three different stiffness 
values, as explained on page 37. The current SLS 
printed prototype is based on the medium stiffness 
value. It should be noted that there are stiffer and 
more flexible footplates available, although their 
quantified stiffness values were not provided for this 
project. 
 
The more flexible footplate will most likely not prove 
difficult as Pa11 is a very flexible material as proved 
by the footplate of prototype 2345644 (figure 78). 
This footplate was at the tip 2 mm thick and at the 
MTP line 3mm thick. This footplate proved to be 
extremely flexible without breaking. Therefore, it is 
highly probable that an SLS printed orthosis can be 
manufactured with a more flexible footplate.
 
 

However, creating a stiffer, rigid footplate may pose 
challenges. Increasing the footplate thickness would 
result in clamping the toes against the roof of the 
shoe, causing discomfort. An alternative solution 
needs to be explored if an SLS printed orthosis 
with a stiffer footplate, similar to the carbon dorsal 
leaf spring orthosis, is desired. One possibility is to 
incorporate a stiffer external material, such as a 
carbon plate, into the footplate of the orthosis to 
provide additional stiffness (figure 79). However, 
the feasibility of this approach using SLS printed 
materials has not been validated and requires further 
research.

figure 78 The more flexible SLS printed footplate of 
prototype 2345644

figure 79: An external ridged material such as a thin carbon 
plate can potentially be added to the SLS orthosis to create 

a more stiff footplate
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Model buildup

The AFO is custom-made for each individual client. To 
streamline the design process, a model was created 
that can efficiently convert the orthopedic advisor’s 
parametric input into a printable model. 
 
It is essential to keep an overview of the input needed 
for designing an orthosis and how this influences the 
final design. 
 
Some of the parameters currently defined by the 
orthopedic advisor are listed in figure 80. Other 
parameters incorporated in the adjusted CAD model 
are:

The production facility of Livit Ottobock Care only 
functions as an executive practitioner and follows 
the predefined parameters in the production of 
the orthosis. This approach was also followed in 
generating the model used for the SLS AFO. 
 
The current workflow at Livit Ottobock Care already 
involves creating a CAD model of the lower leg and 
foot. This is done by making a cast on the location 
of the orthopedic advisor and sending this cast to 
the production facility. The cast is then scanned 
and stitched together digitally, resulting in a 3D 
representation of the lower leg (the top image in 
figure 81).

The model is digitally adjusted to incorporate most 
of the input parameters, resulting in a cleaned up 
model (bottom image in figure 81). The mesh is 
modified to achieve streamlined geometry, including 
a flat foot sole, smooth surfaces, and inflated areas 
to accommodate padding or create distance between 
the AFO and the malleoli for example.

Input parameters

The current prototype does not display the same 
stiffness behaviour as observed in the carbon dorsal 
leaf spring orthosis. However, it does approach the 
same stiffness characteristics. More iterations on the 
design are necessary to close the gap between the 
two. 
 
Due to the time constraints of this project, no 
further iterations are made in this thesis. However, 
to facilitate future development and design 
enhancements, including iterative improvements and 
adaptations for different foot models, a generative 
model was developed and explained in this chapter.

AFO height
Fixation circumference
Medial malleolus distance
Medial longitudinal arch
Lateral malleolus distance
Lateral longitudinal arch
(os) Navicular distance
5th metatarsal distance

figure 80: foot measurements taken to make an AFO fit

figure 81: From 3D scan, to cleaned up model
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figure 82: From 3D scan, to  SLS AFO

Livit Ottobock Care incorporates all the relevant 
parameters digitally into the model before milling 
it out of foam. The foam model is then used as a 
base to apply carbon layers and create the AFO. 
While their custom in-house software is capable of 
generating features, manual adjustments are often 
necessary. 
 
The proposed workflow described on page 20 and 21 
aims to eliminate the need for milling a foam model, 
resulting in changes to certain CAD steps. Since Livit 
Ottobock Care already includes most parameters 
and generates adjusted CAD models, the decision 
was made to base the SLS printable model on these 
existing models. 
 
Therefore, this report will not delve deeper into the 
scanning of the leg, measurements, and required 
distances, as well as the digital adjustments made 
in CAD for model cleaning and achieving the desired 
shank vertical angle (the combined angle of the lower 
leg position and heel height).

Instead, the SLS AFO can be automatically generated 
on top of the cleaned-up adjusted model (bottom 
image in figure 82).
 
To achieve accurate results and provide design 
freedom for the orthosis modeling, other input 
parameters become relevant. These parameters 
allow for precise adjustments and offer control over 
variable stiffness, as well as customization in the 
shape of the AFO for an optimal fit. 

These tweakable parameters include:
 
Fitting 
- The position of all points in the X, Y and Z direction   
  of the trim lines 
- The fillet radius of the cuff 
- The fillet radius around the toes 
 
Thickness 
- The position of thickness points 
- The AFO thickness at these points 
 
Backridges 
- The width of the back ridges 
- The length of the back ridges 
- The depth of the back ridges 
- The distance from the strut edge of the back ridges 
- The slope of the back ridges 

The model was built using the Rhino[53] software with 
the Grasshopper plugin as these programs specialise 
in parametric modelling. An attempt was made to 
create a rudimentary interface using this software 
for easy manipulation of these values and faster 
iteration. This could in the future be modified for 
easier use. This interface can be found in Appendix K. 
 
The automatic steps that the Grasshopper model 
uses to generate the orthosis are broken down on the 
following pages to break down the model and make 
it easier to understand. A near complete overview of 
the Grasshopper code can be found in Appendix L. 
An attempt was made to structure the program and 
thus groups were made. In total, the Grasshopper 
code can be divided into 15 steps, where the 16th 
step is executed in Solidwords as this proved easier. 
The model is capable of generating an orthosis in 
8 seconds. It has to be said that this model was 
composed with great help from various sources. In 
particular, the thesis of van Leijsen, L. (2020)[56] was 
useful as well as guidance and tips from Anne van 
den Dool.
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Step by step breakdown of the 
Grasshopper model

1 2 3 4

The model is aligned with the XY plane A cross-section is made in the caudal plane 
of the foot and divided into points. A line is 
then fitted to this collection of points to find 

the average axis along the foot

This line is fitted parallel to the X axis to 
orient the model at the origin

The cleaned and adjusted mesh is imported 
into Rhino and opened in Grasshopper

5

A cross section is made in the XZ plane and 
a curve is generated at the boundaries of 
the model. This is then divided into points

The points along the plantar surface of the 
foot, around the heel and the back of the 
leg are extracted and cross sections at an 

angle are generated from these points

6

A loft is generate from these cross-sections

7

The curves are divided into points and 
variably offset along the normal vectors of 
the surface to create the desired thickness

8
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A second surface is constructed from 
these points and the surfaces are stitched 

together

Points are generated on the surface using 
moveable intersecting lines to generate the 

trim lines of the AFO

A curve is generated following the inner 
surface of the AFO through these points

The curve is offset along the normals of the 
AFO surface and a surface is generated 

between these curves

The AFO shell is split with the surfaces of the 
AFO cut lines to make the main shape of 

the AFO

Holes are extrude for the attachment of the 
cuff and fillets are added using Solidworks

Ridge surfaces are generated at the back 
of the orthosis using the straight trim lines 
on either side of the strut as a basis. These 

surfaces are then lofted together

Everything is merged and stitched together 
to create a solid boundary representation

9 10 11 12

13 14 15 16
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User testing

The SLS-printed orthosis has been quantifiably 
validated in an attempt to mimic the stiffness of the 
carbon dorsal leaf spring orthosis. The main focus 
of this thesis was to validate whether SLS-printed 
orthoses can achieve the same stiffness behaviour as 
carbon orthoses, while remaining intact and serving 
as a competitive alternative in terms of price, weight, 
and design. The function of the orthosis has thus far 
only been validated theoretically without having a 
user directly involved.

Participant
A suitable participant, willing to take part in this test, 
was found through the help of Livit Ottobock Care. 
The participant was required to have prescribed 
carbon dorsal leaf spring orthoses and experience 
walking with them for an extended period of time. 
 
The participant in question has treated Spina Bifida 
with prescribed dorsal leaf spring AFOs for both of his 
feet based on his diagnosed gait. For the best AFO 
function, inner shoes are attached to his orthosis for 
a better fit and function (figure 85). These inner shoes 
can be worn inside of regular shoes and are attached 
with rivets to the footplate of the orthosis to provide 
a snug fit, securing the foot soundly and exerting 
extra pressure on the top of the foot for an increased 
3-point pressure (figure 8). It is common to prescribe 
a carbon dorsal leaf spring AFO with an attached 
inner shoe[14]. The decision was therefore made to 
attach an inner shoe to the SLS printed design as 
well to provide a more realistic scenario and even 
comparison to the carbon orthosis by providing the 
same function.

VALIDATE

figure 83: 3D models generated for the right and left foot of 
the participant

figure 84: simulated stiffness of user test prototypes 
compared to desired simulated stiffness behaviour

Production
To validate the final ridge design, two prototype 
orthoses were manufactured using the input 
parameters as described on pages 74 and 75, along 
with the scanned CAD models of the participant. 
 
These models (figure 83) were produced well in 
advance of the user test. As a result, not all design 
considerations are present in these prototypes, as 
they were queued in production before the final 
design was determined. Therefore, these prototypes 
do feature the ridges introduced in the ridge 
prototype, but do not have all the adjustments in 
place to reduce the chance of fracture. They are 
printed in the improved print direction (figure 61.5) 
but does not feature the gradual slope present in the 
heel arch. 
 
The stiffness of these models was based on FEA 
simulations that aimed to achieve the desired 
simulated stiffness behaviour introduced on page 60 
(figure 84).

Although these prints are based on older data, the 
test would still provide valuable insights into the 
influence of the SLS-printed orthoses on gait and the 
overall reception of these orthoses. 

The inner shoes were produced by the tailors at Livit 
Ottobock Care. Padding and clasps were also added 
by Livit for comfort. The rsult demonstrate how an 
orthosis could look like when it was produced through 
a collaboration between the two involved parties.
 
This resulted in the prototypes seen in figure 85.
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Test setup
The full test setup document and consent form can 
be found in appendix M. 
 
This test aimed to determine if the SLS printed 
orthoses would depict similar behaviour compared 
to the carbon dorsal leaf spring orthosis and have a 
positive effect on the gait of the participant. The tests 
were conducted at the medical centre Blixembosch 
in Eindhoven, with the presence of an orthopedic 
advisor from Livit Ottobock Care (Chantal Engel) to 
assist in the tests. 
 
The participant would conduct three rounds of gait 
analysis: once walking a trajectory without any aid, 
once walking the same trajectory with the carbon 
dorsal leaf spring orthosis and once the same 
trajectory with the SLS printed orthosis, all on a 
treadmill. 
 
These trajectories were carefully recorded using 
trackers placed on the participant’s joints, specifically 
capturing the ankle angle and lower leg position.  The 
full extent of this test and its results can be found in 
appendix N. 
 
The participant was asked several questions during 
and after these tests regarding his experience and 
perception of the SLS-printed orthoses.
 
Finally, the participant was asked to perform some 
everyday activities whilst wearing the SLS-printed 
orthoses, such as walking outside, walking on a slope, 
walking up and down a set of stairs and even running 
and sprinting on a patch of grass, as he enjoys 
playing soccer while wearing his orthoses. (figure 87)

figure 85: Prototypes used for the user test

Results
All the results and analysis can be found in appendix 
N. 
 
The ankle angle of the participant was tracked in the 
sagittal plane and can be found in figure 86, along 
with the ankle angles present when not wearing any 
orthosis and ankle angles present for a normal gait 
pattern as defined by Whittle[13].
 
It was established that the participant needed to 
wear his orthoses as he is unable to plantarflex. This 
can be seen by looking at the blue line in figure 86, 
which almost does not plantarflex. The heel-off phase 
is delayed because of this, and the ankle only really 
plantarflexes between initial contact and the weight 
acceptance phase.  
 
The orthosis did not break and the participant 
expressed that the orthoses felt good during the 
everyday testing such as walking around, walking 
stairs and running. He had the idea that they were 
slightly stiffer initially, as it made him stand more 
upright, but after some time, he expressed that they 
felt similar.

Interpretation and implications
Comparing the effect of the carbon orthosis to the 
SLS-printed orthoses reveals minimal differences 
when analyzing figure 86. Both smooth out the 
plantarflexion between initial contact and weight 
acceptance and reduce the degree of dorsiflexion by 
the participant. It is possible that the SLS orthosis is 
slightly stiffer in the dorsiflexion direction compared 
to the carbon orthosis, thus limiting the degree of 
dorsiflexion slightly more. It was noted that the SLS 
orthoses felt slightly more rigid or stiff, but this might 
also be due to it being a new orthosis with still stiff 
leather as well. 

 

It was established during the conduct of these tests 
that the main reason why this participant wears 
AFOs is to stabilize himself while standing still. During 
standstill, the participant would lean forward, having 
his knees very flexed and hanging in the orthoses, 
relying on their stiffness to provide a positive moment, 
keeping him balanced. Both the carbon orthosis and 
SLS orthosis worked well, according to him, to provide 
this moment.
 
To further explore the behaviour of the AFO during 
normal use, the participant was asked to walk around 
and perform various tests. It was stated during these 
tests that they felt different, but not in a bad way. 
They felt good and similar in function to the carbon 
dorsal leaf spring orthoses. The participant stated 
to be very positive about the fit and function of the 
orthosis and showed interest in a potential follow-up 
study to wear the AFOs for an extended period. 
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The most important insight was that the participant 
was able to walk around with the orthosis, walk stairs 
and even run without the orthoses breaking. These 
tests were only brief and not repeatedly done, but 
they demonstrated the potential of SLS orthoses.

Caveats and limitations
A clear caveat is that the stiffness values of these 
orthoses were not accurately measured. More 
insights and design considerations were explored 
after producing these prototypes, which could 
have improved their behaviour, had they been 
implemented. 
 
Another factor influencing this test is the exclusion 
of an important design consideration when making 
the intermediate model (middle image in figure 
82). Usually, the model is inflated around the legs 
to make room for the padding of the AFO. This was 
however missing in the printed model, requiring 
the removal of the padding for the orthoses to fit. 
Fortunately, the participant wore high thick socks 
underneath ensuring enough cushioning was present 
for the AFOs to fit comfortably. He did not report any 
discomfort or skin rubbing, despite the padding being 
removed. 
 
It was also discovered during testing that the carbon 
orthosis the participant wore had the highest stiffness 
value through the MTP line instead of the middling 
stiffness value of 0.24 Nm/°. As his knees flexed 
extensively a stiffer footplate would have helped to 
provide a bigger counteracting moment. Interestingly 
this did not have a lot of effect on his gait. This could 
be attributed to the potentially stiffer strut of the SLS 
orthosis, which limited knee flexion. 
 
However, the most important limitation of this test 
is that it involved only a single pair of SLS-printed 
orthoses for a single participant. To draw better 
conclusions, further tests need to be conducted with 
larger participant groups and over extended periods.

figure 86: ankle angle during a full gait cycle of the participant when no AFOs are worn, when carbon AFOs are worn, when 
SLS printed AFOs are worn and a ‘normal’ gait cycle as depicted by Whittle[13]

figure 87: The participant was asked to walk around, climb stairs and run whilst wearing the SLS AFO
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Requirements

figure 88: FEA vonMisses stress results of 1600N impact 
force on 26cm2 around the heel of the AFO on the plantar 

surface of the foot.

Some requirements were addressed in the preceding 
chapters, but for better comprehension, an overview 
is presented here. The final result closely aligns 
with most of the requirements listed on pages 39 
to 42, but not all of them are fully met. This chapter 
aims to validate the extent to which the identified 
requirements have been achieved.

“The AFO should be able to provide a linear positive 
moment of 1,23Nm/°”

“The AFO should be able to provide a linear negative 
moment of 1,14Nm/°

“The AFO should be able to provide a moment 
through the MTP line with a value of 0,24Nm/°”

“The AFO should provide a negative moment of at 
least 0,36Nm/° and at most 1,8Nm/°”

“The AFO should be able to withstand an impact 
force of 62N/cm2 exerted vertically on the plantar 
surface of the AFO around the heel”

Mechanical

The positive moment of the ridge prototype measures 
1.00 Nm/°. Figure 75 illustrates that this moment 
does not exhibit linear behaviour. While this value 
falls within a 20% range of the targeted value, it does 
not meet the desired 10% accuracy.

The user test showed that extensive dorsiflex flexure 
can be present in the orthosis, theoretically reducing 
the moment as the positive moment decreases when 
it is exposed to greater angles. This did not have a  
significant effect on the gait of the participant who 
partook in the research but might have on others.

The influence of the orthosis decreasing in stiffness is 
something to closely regard in the case of continuing 
this project, especially qualitatively. It is currently 
undocumented what influence the attachment of an 
inner shoe has on this moment and how significant 
this moment is exactly when the AFO is worn.

The positive moment of the ridge prototype measures 
1.54 Nm/°. While this value can be considered linear, 
it falls within a 35% range of the targeted value, 
which does not meet the desired 10% accuracy.

As indicated on pages 72 and 73, the current MTP 
value for the ridge prototype is measured to be 0.22 
Nm/°. This measurement meets the desired 10% 
accuracy requirement. However, it is important to 
note that this measurement was not conducted using 
the BRUCE setup.

The positive moment of the ridge prototype was 1.54 
Nm/°, which falls within the aimed for range. Ideally, 
this value would be lower.

An FEA simulation was conducted to assess the 
ability of the SLS-printed AFO to withstand the 
applied force (see figure 88). However, it is important 
to note that this simulation does not fully replicate 
the actual scenario. In reality, a shoe is worn over the 
orthosis, which distributes some forces, and a foot 
with a sock on is placed directly inside the orthosis, 
along with an insole that also helps distribute forces. 
In the simulation, a force of 1600N was applied to a 
round surface area of 26cm² on the plantar surface 
of the foot.

The simulation resulted in an 8mm displacement, 
which would be perceptible to the wearer. It is 
estimated that this value would be lower in reality 
as the afore mentioned shoe, sock and insole will 
distribute most of the force. At the red centre in 
figure 88, a pressure of 40.6 MPa is present. This 
pressure is close to the tensile strength of 51 MPa (as 
stated in the material table in figure 16) and is highly 
dependent on the fixation method used in this study. 
Currently, the AFO is fixed 5 centimetres away from 
the loaded surface.

Based on the available data, it is deemed plausible 
that the AFO is able to withstand this force.

Lowering this value though altering geometry may 
also decrease the positive moment. One possible 
solution is to adjust the ridge parameters, which 
can increase the positive moment to a greater 
extent while having a lesser impact on the negative 
moment. By tweaking these parameters, it may be 
possible to improve the performance and achieve a 
more desirable positive moment within the desired 
range without compromising the positive moment 
too much.
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Ergonomical
“The AFO should not exert pressure on the malleoli, 
navicular and tuberosity of the 5th matatarsal”

“The AFO should be able to bend 15° in the plantar 
flex direction and 20° in the dorsiflex direction 
without breaking”

“The AFO should not exceed 5mm thickness around 
the heel of the foot”

Careful consideration is made to avoid exerting 
pressure at these points while designing the orthosis. 
The archline stops before the malleoli and navicular 
while maintaining a distance from the tuberosity of 
the 5th metatarsal by inflating the intermediate CAD 
model (middle image in figure 82) to ensure proper 
spacing within the orthosis. 
 
The participant did not express any discomfort at 
these points during the user test and stated that the 
AFOs fit well. The participant in question did however 
have numb feet, being unable to feel anything 
at these points. This should therefore be cross-
referenced with other user tests to see if the AFOs 
would still be considered comfortable.

figure 89: Thickness measurements in Solidworks of the 
ridge prototype, 3 cm below the malleoli

A digital measurement was conducted using 
Solidworks to determine the final thickness around 
the heel (figure 89). The overall thickness is below 
5mm, but the ridges protrude slightly over 10mm. 
These ridges could be pressed into the cushioning 
material of the shoe and did not pose any problems 
during the user test. This can however depend highly 
on the type of shoes worn by the user.

To potentially reduce the thickness of the orthosis 
around the heel, the ridges could start at a higher 
point. The parameter that influences this has been 
included in the Grasshopper model for further 
adjustments. The effect of this parameter has not 
been explored however.

During BRUCE testing, the ridge orthosis was 
subjected to 13,15° in the plantar flex direction and 
13,65° in the dorsiflex direction. In the user tests, the 
orthoses were exposed to 7,00° in the plantar flex 
direction and 18,90° in the dorsiflex direction.

It is estimated that the orthosis was exposed to 
bigger angles during the running exercises conducted 
whilst wearing the AFOs, but these specific angles 
were not documented.

It is noteworthy that the AFOs did not fracture or 
break when exposed to these angles.

To obtain more accurate results, BRUCE 
measurements with higher angles need to be 
conducted with different specimens to fully validate 
of an AFO can bend to such extreme values. 
Consequently, users should wear the orthosis for 
longer periods of time to see if they hold up.
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“The bounding box should not be bigger than 
250x250x500mm for shotpeened parts and 
270x300x570 for Vapour Polished parts ”

VALIDATE

A bounding box is digitally drawn over the Ridge 
prototype (figure 91). The orthosis should be vapour 
polished in the end, so the bounding box should not 
exceed the dimensions of 270x300x570. 
 
Based on estimations, the height of the orthosis is 
not expected to exceed 500 mm. The length from 
the plantar surface of the foot to the hamstring is 
on average 467 mm and can extend up to 534 mm 
to accommodate 95% of the Dutch population aged 
20 to 60[32]. The orthosis will be mounted well below 
this point and these values will likely be lower as this 
orthosis is also mainly prescribed to children (85%)[12]. 
 
It is also estimated that the length of the orthosis will 
not exceed 300 mm. The length from the heel until 
the toes of Dutch citizens aged 20 to 60 is on average 
253 mm and can go up to 286mm to fit 95% of the 
population[32]. It is therefore unlikely that the length of 
the orthosis will ever excel 300 mm. 

 

figure 91: Bounding box measurments of the ridge 
prototype

“The wall thickness of the SLS printed AFO should be 
bigger than 1.5mm”

The thinnest part of the AFO is located at the toes. 
This has to be around 3.5mm to facilitate the right 
stiffness for the MTP joints. The orthosis therefore 
does comply with this requirement which should 
reduce the chance of warping.

“All Vapour Polished parts should have a cavity to 
hang from”

The orthoses currently feature slits at the top for 
the mounting of the cuff. The current carbon dorsal 
leaf spring orthosis uses a hole in this place, also to 
mount the cuff. The hole can serve as a convenient 
attachment point for suspending the orthosis, 
ensuring optimal access and coverage during the 
vapour polishing treatment.

figure 90: Displacement in dorsiflex direction and plantar 
flex direction before the material starts to plastically deform

It is also estimated that the width of the orthosis will 
most likely not exceed 120 mm. Again using the same 
database, the average foot width is 96mm and can 
go up to 108mm to fit 95% of the population.

“The AFO should operate within its elastic 
deformation range”

Material

The yield strength of the Pa11 material used by Parts 
on Demand is currently unknown. However, the 
tensile strength in the XY direction is 51 MPa, and in 
the Z direction, it is 47 MPa. Pa11 is considered to be 
the most flexible material, next to TPU, printable by 
Parts on Demand.

To estimate its yield strength, an average value 
from competitive SLS printing companies capable of 
printing Pa11 is used, which is approximately 36.7 
MPa[54],[55].

Using this estimated yield strength value, FEA 
simulations were conducted to estimate the point 
at which the AFO would start to experience plastic 
deformation. The simulations indicate that the AFO 
would begin to deform plastically when bent beyond 
25.3° in the dorsiflexion direction and 22.4° in the 
plantarflexion direction (figure 90), calculated using 
the formula:

These angles are above the expected range of 
motion and the AFO would therefore theoretically 
not plastically deform. However, in the case of 
dorsiflexion, the angles approached those observed 
during the user tests. It is therefore, again, advised to 
further evaluate this with BRUCE measurements and 
physical examination to see how the AFO behaves 
when exposed to these angles.

 = AngleTan-1(Displacement/Armlength)
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“The production time of the SLS printed parts should 
not be longer then 7 workdays”

Miscellaneous

The production time of Pa11 is 7 workdays[21]. 
However, this time does not include the vapour polish 
treatment and colouring of the orthosis. Parts on 
Demand officially add 1 extra workday for each post-
processing step resulting in a production time of 9 
workdays. This exceeds the required 7 workdays and 
would produce the following timeline:

figure 92: Production timeline if production of the printed 
parts would take 9 workdays

This would make achieving the desired appointment 
date with the customer very tight. It is possible to 
accelerate the SLS print production time if the prints 
are given higher priority. This can potentially be 
arranged through negotiations between the two 
involved parties which is not uncommon for Parts on 
Demand.

“The SLS printed parts should cost no more than 
€300,-”

It is anticipated that the production time for Pa11 
parts will decrease over time as the material 
continues to be developed and allocated to multiple 
printers. With the availability of more printers capable 
of printing this material, it is foreseeable that express 
delivery times of 3 to 4 workdays will be achievable in 
the future. This improvement in production efficiency 
will contribute to faster turnaround times for 
manufacturing Pa11 orthoses but will probably come 
with a higher price.

VALIDATE

The prices of the following orthoses are measured 
using the custom pricing tool from
partsondemand.eu[6]:

Prototype 2345644
€239,60 ex. tax
€289,92 incl. tax
215 gram

Ridge prototype
€259,41 ex. tax
€313,89 incl. tax
235 gram

Left foot user test prototype
€244,48 ex. tax
€295,82 incl. tax
209 gram

Right foot user test prototype
€241,37 ex. tax
€292,06 incl. tax
208 gram

These prices are considered to provide a competitive 
price point for the carbon dorsal leaf spring orthosis. 
These orthoses ranged from 35 to 37 cm in height 
and 24 to 27 cm in length. An orthosis measuring in 
at 45 cm high and 28 cm in length was generated to 
calculate how expensive an orthosis would be for a 
very large leg and foot:

Theoretical large prototype
€278,26 ex. tax
€336,69 incl. tax
? gram

The price increases for bigger feet, but not by an 
exceptionally large amount.
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Discussion
Should we SLS print a carbon dorsal leaf spring 
orthosis?
The challenge of this thesis was to create a printable 
design. This resulted in a prototypes that showed 
promise on some fronts, but trade-offs on others. To 
answer the above-posed question, a comparison was 
made assessing the advantages and disadvantages 
of the current state of the design compared to the 
carbon dorsal leaf spring orthosis. 
 
Figure 92 depicts a comparison regarding some 
important aspects of both types of orthoses. The 
carbon dorsal leaf spring orthosis is the better option 
regarding most of these quantified aspects as the 
material properties of the composite remain superior 
to the printable materials. Because of this, it can be 
lighter whilst displaying the same stiffness behaviour. 
 
The moments of the SLS printed orthosis diverge from 
those of the carbon dorsal leaf spring orthosis in the 
current design. This however did not have significant 
effects on the gait correction capabilities of the device 
as seen in the user test chapter depicted on pages 79 
to 81.

SLS printed orthosis Carbon dorsal leaf spring orthosis

figure 92: data comparison between the current SLS printable design and the carbon dorsal leaf spring orthosis



- 88 -

It is important to note that this study was a single 
case study conducted over a short period of time 
and that the SLS printed designs remain prototypes 
and no final products. Although the SLS orthoses 
exhibited similar behaviour to the carbon orthoses for 
this specific test case, they had different moments. To 
make the step from prototypes to end products the 
printed orthoses will need to be closer to the aimed 
for moments. Refining the ridge designs, general 
geometry or other features unique to SLS printing will 
result in roughly the same stiffness characteristics of 
the carbon dorsal leaf spring orthosis if necessary for 
other users. 
 
The SLS-printed orthosis is currently heavier and 
thicker than the carbon dorsal leaf spring orthosis. 
SLS printing and its form freedom capabilities 
might optimize the design of the AFO by removing 
unnecessary material. Page 91 will further explore 
these possibilities. Utilizing this aspect could 
potentially reduce the weight of the orthosis, 
theoretically enhancing its comfort. However, 
reducing the thickness of the orthosis may prove 
challenging as the moment of inertia plays a crucial 
role to provide its stiffness. 
 
A bottleneck for the SLS printed orthosis can be its 
production time. The AFO must be produced promptly 
to restore mobility and function to the client as soon 
as possible. Pa11 is still being tweaked and scaled 
up and is predicted to become the standard material 
of Parts on Demand but it is not quite there yet. The 
lead times for Pa11 printed parts may decrease over 
time, or express delivery and high-priority orders 
can be arranged through collaboration. However, 
considering the current state and adhering to 
prescribed production times, meeting customer 
demands for a fitting appointment three weeks after 
the measurement appointment would be a close call.

CONCLUDE

There are however some advantages that SLS 
printing orthoses will bring that carbon orthoses 
cannot. SLS printing excels at automation 
compared to carbon layering. Once a model has 
been generated, no human labour is necessary for 
producing the general AFO shape. This can save up 
to an estimated 8 hours of human labour[12] also 
eliminating human error. Reproduction is even better 
as it just requires a press of a button if an AFO breaks 
due to unforeseen circumstances. 
 
SLS-printed designs can also fit closer to the skin 
compared to carbon designs. The carbon composite 
strut for example needs to bend in a flat plane to 
prevent delamination whilst this does not count 
for SLS printed orthosis (figure 93). This makes it 
potentially more comfortable due to more evenly 
distributed pressure but has not been validated. 
 
Determining whether SLS printing an orthosis is a 
viable alternative to the current production method 
remains challenging.  The primary concern in this 
regard is the functionality. The customer is vital when 
regarding medical aids and thus the device should 
aid minimally just as well as the current carbon 
orthosis.

Initial tests yielded promising results in terms of their 
reception and function. Furthermore, it is believed 
that the design can still be enhanced to increase both 
of these factors. Follow-up research is recommended 
to further validate the design with the main concern 
being its function over time which will be addressed 
in the next chapter.

figure 93: On the left, the SLS AFO with more evenly 
compressed padding, on the right the carbon dorsal leaf 
spring AFO with more compressed padding in the middle
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Recommendations
If this project were to continue, several 
recommendation are prescribed as to possible follow 
up steps. 

Function
The final prototypes displayed desirable behaviour 
during the user test. However, further iteration steps 
are necessary to better approach the desired stiffness 
and be able to predict it in case other users are in 
need of it. To continue this research, a tweakable 
model was developed as a basis to continue or learn 
from. It is predicted that by adjusting the ridges at 
the back of the orthosis in relation to the width and 
thickness of the strut, stiffness values similar to those 
displayed by the carbon dorsal leaf spring orthosis 
can be achieved. 
 
Certain forces, such as mediolateral and fore-aft 
forces, were excluded from this study. The behaviour 
of the orthosis has only been regarded in the sagittal 
plane. If this project continues, additional research 
will need to be conducted including these forces 
providing a more comprehensive understanding of 
the AFOs behaviour across all axes. 
 
A major concern still present in the design is that of 
stress relaxation. Polymers tend to lose their ability 
to return to their original state if held in a strained 
condition for an extended period of time. During 
walking, the AFO undergoes continuous strain and 
relaxation. This will most likely have an effect on its 
stiffness behaviour over time. Life cycle assessments 
have not been conducted and should be considered 
before producing an SLS-printed orthosis. It is 
necessary to investigate how the stiffness behaviour 
of the orthosis behaves when exposed to cycles of 
strain and relaxation, both through stress relaxation 
tests and real-life usage scenarios. 
 

 

It is also recommended to further look into the 
chance of fracturing an orthosis. Although some 
measures have been taken to increase the strength 
of the orthosis, they have not been validated in a real 
use-case scenario. The orthoses will need to be tested 
further to ensure non will break during normal use. 
 
It will also have to be tested if the more flexible 
and ridged footplates will not break. Reducing the 
thickness of the footplate will decrease the stiffness 
along the MTP line and make the footplate more 
flexible. This is more ideal for people with hyper-
extended knees according to the Amsterdam Gait 
classification types[17]. Although Pa11 is a flexible 
material and has shown potential (as depicted in 
figure 79), further validation is required. 
 
The same counts for the ridged footplate. One 
approach could be to introduce an external stiff 
component, as shown in figure 79. However, a 
functional prototype using SLS printing will have to be 
built and used to see if this works. 
 
The current stiffness in the footplate is achieved by 
making it slightly thicker from the MTP line towards 
the toes compared to the carbon footplate. This 
increase in thickness might clamp the toes of the 
wearer against the roof of the shoe. A solution here 
might be to make the othopedic custom foot sole 1 
to 1,5 mm thinner. It has to be seen however if the 
production method would allow for this and which 
result this will have on comfort.

However, the most significant recommendation, 
in terms of function, is to continue testing with 
the participant who took part in the user test. He 
has expressed interest in participating in a follow-
up study for a longer duration. The orthoses have 
already been custom-made to fit his feet and will 
else be shelved. Having him wear the orthoses for an 
extended period will provide invaluable insights and 
help address most concerns.

Comfort
This study mainly focussed on function and 
replicating the behaviour of the dorsal leaf spring 
orthosis. Comfort, however, is just as important and 
it is recommended to run some follow-up studies 
regarding this aspect. One significant aspect for 
example is if the AFO rotates at least in some regard 
around the ankle. Having a rotation point further 
away from the ankle rotation point will result in 
rubbing of the skin where the cuff is attached to the 
calf. Either the geometry will need to be adjusted to 
align the rotation axis more with the point between 
the malleoli or a system could be designed around 
the cuff to bend the top part of the orthosis, keeping 
it perpendicular to the lower leg. The participant that 
tested the orthosis did not express any discomfort, 
but further research needs to be conducted to 
explore the influence of this design aspect on the 
overall comfort of the orthosis for more participants.
 
Another consideration is a derivative from the fore-
aft and mediolateral forces that were not taken into 
account in the design of the current prototype. The 
SLS orthosis currently gets a lot of stiffness from the 
curve present in the strut. This curved shape follows 
the contour of the wearer’s leg, ensuring a tight 
fit close to the skin. Having a well-fitting orthosis 
close to the skin is considered to be comfortable as 
the weight of the orthosis is also closer to the leg. 
However, the human ankle does not rotate solely in 
the sagittal plane; eversion and inversion also occur 
during gait. These movements may potentially cause 
rubbing of the sides of the strut against the leg, 
compromising comfort.
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Perception
The reception of an SLS-printed orthosis has not 
been included in this study and only one participant 
was involved in the user testing phase. Considering 
that medical aids can be a sensitive topic the AFO 
should conform as best as possible to the wishes of 
the wearer. It is therefore recommended to further 
look into the aesthetical preferences and the wearer’s 
perception of an SLS-printed orthosis.

The participant who tested the orthoses intentionally 
wore black shoes, socks, and requested a black 
product to effectively conceal the orthoses. 
Additionally, he always wears long-legged pants to 
hide his medical aids. This design aspect could be 
further explored to develop a design that addresses 
both functional and aesthetic concerns, allowing 
individuals to feel less ashamed of.
 
SLS orthoses have the advantage of being colourable 
and can undergo a vapour polish treatment. These 
post-processing steps, however, only impregnate 
to a certain depth. During daily use, wear and tear 
might damage the surface of the orthoses exposing 
a rough or differently coloured layer underneath. 
This might be perceived as aesthetically undesirable. 
One possible solution could be to apply a top coat 
that matches the colour of the printed material, but 
this would limit the option for personalized colouring. 
A consensus will have to be made here or another 
solution should be explored.

Model optimization
The current model will prove insufficient for everyday 
use. Firstly, it is necessary to load solid meshes into 
Grasshopper instead of the open meshes currently 
used by Livit Ottobock Care. Certain features in Rhino 
or Solidworks can be used to convert the files which 
is currently done manually. Once a new foot model 
is loaded, it may not display correctly due to specific 
“choke” points in the model that require manual 
adjustment.  These points are marked in Appendix L 
and it is recommended that when a new foot model 
is loaded and the program crashes, these points are 
examined and adjusted. This usually entails changing 
a negative value into a positive value or vice versa to 
make the program work. 
 
This can be corrected by giving the program certain 
curves as guides to follow. As only a handful of foot 
models were used in this thesis, time was not invested 
to streamline this model. 
 
Currently, the trim lines are manually adjusted to 
define the shape of the orthosis. Implementing a 
shrink wrap feature could generate the distances of 
these points based on a single defined value, such as 
the position of a malleolus or the length of the foot. 
The model would then generate approximate trim 
lines originating from that single value that can then 
be manually tweaked. This will save a lot of time and 
create consistency in the placement of the trim lines. 
 
The final step, filleting the orthosis, is presently 
performed in Rhino or Solidworks. These programs 
are more effective for this task compared to 
Grasshopper. While it is possible to incorporate this 
step into the program, no effort was made to do so 
due to its complexity. 
 
Taking it a step further, incorporating final element 
analysis into the model is also a possibility. Many 
such plug-ins exist[58], [59], [60]. Integrating this analysis 
at the end of the Grasshopper model can give 

immediate insight into its stiffness behaviour. 
Moreover, the data obtained can be used again as 
input in the model to adjust its geometric parameters 
to generate a new, more optimized model that 
better approximates the desired stiffness values. 
Incorporating this loop will prove extremely valuable 
as certain stiffness values can be specified and the 
model would automatically run simulations and 
adjustments to eventually generate a model that 
precisely meets those criteria. It is recommended, 
however, to explore this endeavour after all else has 
been implemented and validated as this will not 
prove easy.

SLS printing possibilities
A continuation of this project could also focus more 
on utilizing the fabrication method to a greater 
extent. In the future, it could be possible to produce 
an AFO with a custom stiffness tailored to each user. 
Currently, research is being conducted aimed at 
determining which stiffness orthosis would best suit 
a client. This knowledge could be used to prescribe 
not only a custom-fitted orthosis but also a custom 
stiff orthosis. SLS printing offers the advantage of 
delivering consistent results and can produce this 
custom stiffness without added tooling cost or human 
error. 
 
Furthermore, exploring aesthetical and ergonomic 
directions, unique to additive manufacturing could 
enhance the product in other aspects as well. SLS 
printing provides a high degree of form freedom that 
has not yet fully been realised in this project. Some 
options were brainstormed and are described on the 
next page. These options serve as a perspective into 
the future where other aspects such as its aesthetic 
and improved comfort can come into view after its 
function has been validated.
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SLS prints can be coloured in a wide variety of 
colours[21]. This could be particularly appealing to a 
younger audience, as they often have a preference 

for customized prints on the carbon orthosis[12]. 

The existing patterns on the carbon orthosis are 
simply layers added onto the carbon structure. With 

SLS printing, it becomes possible to incorporate 
embossings or engravings, offering an alternative to 
traditional prints. A multitude of patterns could be 
designed and generated over the orthosis without 

any added cost or tooling. Even better yet, it is 
cheaper as it uses less material.

These patterns can also go all the way through the 
shell of the orthosis in areas where stiffness is of 

less significance. This feature could lead to a lighter 
weight more appealing design with certain patterns, 

again without any added cost.

A more advanced feature could be to incorporate 
cushioning material in the footplate of the orthosis 
in the form of metamaterials[56], [57]. A pressure map 

of the foot can be used to generate specific patterns, 
which could potentially distribute stress more 

effectively, resulting in increased comfort and again a 
lighter-weight design.

FIXME, you will need to remove around 70% of the material to 
have effect on breathability
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The estimates for the hinged carbon AFO were 
€560,- for the materials and hours, €325,- for revenue 
and overhead and €450,- for hinges and mounting 
equipment[18]. These costs concern the production 
of the AFO and do not include the session with the 
orthopedic advisor.

Figure 94 depicts the estimated buildup of costs 
based on these figures. More context can be found 
on pages 22 and 23.

Comparing the two cost buildup tables gives a 
difference of around €400,- which would then be 
available for the production of SLS printed parts in 
case of a hinged AFO.

I  More hours labour because of extra CAD   
 work needed for modelling the  AFO around   
 the scanned foot model
II  Production step replaced by SLS printing
III  Production step replaced by SLS printing
IV Less correction time is necessary as the   
 carbon layers do not need to be cleaned up
V  The carbon layering production step is   
 replaced by SLS printing, thus no carbon is   
 used in the orthosis
VI  There is no need to mill a positive foam   
 model of the lower leg anymore with SLS   
 printing.

VII  No storage for foam blocks is necessary as   
 well other materials from the archive.   
 Less electricity costs are necessary as   
 less production steps take place for Livit   
 Ottobock Care.
VIII  Double transport costs are billed. Once
 for sending the glass fibre cast from the   
 orthopedic advisor to the production facility   
 and once to send the SLS printed parts to   
 the production centre.
IX  No vacuum carbon oven necessary,    
 no CNC costs

figure 94: Production cost breakdown for hinged carbon orthosis produced by Livit Ottobock Care compared to estimated 
costs with Parts on Demand in the loop

Apendix B: Hinged carbon AFO price buildup

CONFIDENTIAL INFORMATION

APPENDIX
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Appendix	C:	Homesetup	stiffness	measurements	carbon	dorsal	leaf	spring	AFO

Strut measurements

figure 95: Homesetup strut stiffness measurements in plantar flex and dorsiflex directions

figure 96: diagram of strut stiffness behaviour

figure 97: schematic representation of test setup

figure 98: Representation of test setup
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- 105 -

APPENDIX

MTP line measurements

figure 99: MTP dorsal leaf spring AFO stiffness home setup measurements

figure 100: diagram of MTP stiffness behaviour

figure 101: Representation of MTP setup
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Appendix D: Idea orientation

Injection with epoxy resin or other high 
stiffness liquid material can be used to 
provide stiffness in designed compartments.

Thick external strut supporting all stress

Cut the strut in half and place it on both 
sides of the leg for the same stiffness but a 
thinner-walled design

Create a countermoment of some sort, 
through a spring system, weight or balance 
to counteract the stiffness

Length changeable strut. Would have influ-
ence on the stiffness but could have con-
cequences on comfort ,-> shorter arm is more 
pressure on skin

Pol on foot idea, results on pressure on 
sheen. Shape is possible in SLS, how thick 
would it be?

Carbon kitepole insert idea Erik. Inserting 
carbon would increase stiffness as the 
material properties are superior to SLS 
printable materials 

arbon rods where the flexability is needed, 
SLS prints for support above and below the 
rotational bend

Use existing Livit Ottobock Care hinge 
component, only SLS foot ankle cast prints

Use the flexability of PA11 or PA12 for the 
spring function of the AFO

Springs as force to deliver the rolloff of a 
dynamic AFO

Springdampner in joint design. Replace 
spring for desired stiffness

If the material is too stiff; translate stiffness 
requirements into adjustable density (through 
generated holes). More holes = more flexible

Interchangeable metal rod for required 
stiffness. (Either material changes stiffness or 
thickness)

Strutwidth parameter to influence stiffness 
(I wonder if this is strong enough)

Is this stiffness in the right position? or too far 
above 
the ankle to be affective in any sort?

Printed afo with carbon layering on top for 
increased stiffness. Or Fiber glass -> how does 
it adhere? does this work, would it bond?

Stepper motor or dynamo could deliver 
resistance moment?

Capsule of some sort around the ankle 
placement with metal rod or other stiff stick 
placed in it.

Extra strap around top of foot for extra 
strength and stress distribution --> what is the 
influence of this on the stiffness?

Thick U form around the ankle --> would this 
increase moment of inertia or not at all?

APPENDIX



- 107 -

APPENDIX

Backstrips through thicker fin design? --> 
bigger moment of inertia without adding too 
much material

Backstrips through thicker fin design? -->
could be made from a different material 
screwd onto it. Metal strips/carbon layered/
carbon LW strips? 

Aluminium strut profile screw-on idea

Carbon plate idea. Verenstaal could work or 
other plates with a high youngs modulus and 
flexability

Bladveer idee

Reinforcement of the strut from the sides

Nosagveer in notches for flexible spring 
storage

Torsion spring attachment for ankle moment 
influence

Use tensile strength of a stiff rubber like 
material. A thin wire could be present inside 
the shoe as to minimize AFO thickness. 
Downside; only works in one way

Deep slots in AFO for carbon rods. Slide in 
from the top, maybe a cap on it to block 
them from getting out

Ropes to tension the stut 
-> provide enough stiffness

metal rods with a roller for stiffness in both 
directions

Fan like spring structures for strut support

Using an externally produced carbon layered 
strut in combination with SLS printed fitting 
components
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Different thickness values at points C, D and E were 
generated and consequently simulated through FEA 
to determine their effect on the displace present 
when a force of 60N is applied at the height of the 
cuff.

A:2mm B:2mm C:4mm D:5mm E:5mm 
F:3mm G:3mm

A:2mm B:2mm C:4mm D:4mm E:5mm 
F:3mm G:3mm

A:2mm B:2mm C:4mm D:5mm E:6mm 
F:3mm G:3mm

A:2mm B:2mm C:5mm D:5mm E:6mm 
F:3mm G:3mm

A:2mm B:2mm C:3mm D:5mm E:6mm 
F:3mm G:3mm

A:2mm B:2mm C:5mm D:4mm E:4mm 
F:3mm G:3mm

A:2mm B:2mm C:5mm D:5mm E:5mm 
F:3mm G:3mm

A:2mm B:2mm C:4mm D:3mm E:4mm 
F:3mm G:3mm

Appendix E:  AFO thickness relevance analysis
APPENDIX
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figure 102: simulated stiffness data for 3 piece prototype with PA11 strut

Appendix F: data comparison for 3 piece prototype

figure 104: homesetup stiffness data for 3 piece prototype with PA11 strut

figure 103: comparison graph between BRUCE, home and 
simulated measurements

figure 105: difference between BRUCE measurements and 
simulated stiffness
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<- Follow curve of 
heel at the bottom 
instead of straight 
fins

negative moment: 
1,73Nm/deg

positive moment:
1,58Nm/deg

score:
0,913

Appendix G: Ridge design exploration

<- dissolving fins to fit 
better in a shoe

negative moment:
1,92Nm/deg

positive moment:
1,79Nm/deg

score:
0,932

<- More organic, 
more flat anti- curve

negative moment:
1,88Nm/deg

positive moment:
1,75Nm/deg

score:
0,931

<- Anti-curve for more 
symetrical shape

negative moment:
1,90Nm/deg

positive moment:
1,67Nm/deg

score:
0,879

<- Long fins straight 
back

negative moment:
1,86Nm/deg

positive moment:
1,53Nm/deg

score:
0,823

<- Three fin design

negative moment:
1,61Nm/deg

positive moment:
1,39Nm/deg

score:
0,863

<- Filleted, dissolving 
fins

negative moment:
1,83Nm/deg

positive moment:
1,72Nm/deg

score:
0,940

<- Fins on the edge of 
the strut

negative moment:
1,94Nm/deg

positive moment:
1,63

score:
0,840

<- Broad, slightly nor-
mally offset fins 

negative moment:
2,32Nm/deg

positive moment:
1,73

score:
0,75

APPENDIX



- 111 -

APPENDIX

Several PA11 samples with variable thicknesses that 
mimicked the shape of the foot sole were calculated 
and measured to determine their stiffness. 

Figure 106: Samples used in the test

Appendix H: MTP Pa11 sample measurements

Figure 107: Measured data of MTP samples
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Figure 108: Graphs of measured stiffness in MTP samples
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Appendix I: Ridge prototype BRUCE measurements

Figure 109: Dorsiflexion measurements 1

Figure 110: Dorsiflexion measurements 2

Figure 111: Plantar flexion measurements 1

Figure 112: Plantar flexion measurements 2

Figure 113: Combined data
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Appendix	J:	MTP	stiffness	Ridge	prototype
APPENDIX

figure 115: moment set out against angle of measured MTP 
stiffness

figure 114: Raw data of measured MTP tests
figure 116: MTP measurment setup overview
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Appendix K: Model interface to customize parameters
APPENDIX

Figure 117: Grasshopper and Rhino interface with changeable parameters influencing the model. All values are in mm.
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Appendix L: Grasshopper model
The arrows in the model refer to ‘choke’ points. It 
is recommended to examine these points in the 
model first when a new footmodel is loaded into the 
program for troubleshooting.
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Figure 118: Grasshopper model buildup, each step is 
described on page 76 and 77 for further explanation

APPENDIX
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Appendix M: User test setup and concent form
APPENDIX

CONFIDENTIAL INFORMATION

CONFIDENTIAL 
INFORMATION
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Appendix N: Gait analysis of user test
APPENDIX

figure 119: Ankle angle measurements without wearing orthoses for a full gait cycle

figure 120: Ankle angle measurements whilst wearing SLS orthoses for a full gait cycle

figure 121: 3 Ankle angle measurements whilst wearing carbon dorsal leaf spring orthoses for a full gait cycle

The gait of the user was analysed by placing a 
camera at 2 meters away from a treadmill, capturing 
the sagittal plane view, while the participant walked 
at a pace of 3 meters per hour for approximately 1 
minute each time.
 
Trackers in the form of white stickers with bright 
dots were placed at the ankle joint, the 5th 
metatarsophalangeal joint and the knee joint. 
 
The data was then analysed in Tracker[61], a video 
analysis and modelling tool, where the points were 
auto-tracked and the angle was measured between 
them with the centre point being the ankle joint 
(figure 123) that was set out against time. 
 
TThis process was repeated three times for each 
orthosis, as seen in figure 119 to 121. To offset the 
angle, a line perpendicular to the line from the ankle 
joint to the knee joint was drawn through the ankle 
joint, and the remaining angle was subtracted from 
the values. Trendlines were then drawn over the data 
to better visualise their means. 
 
The combined trendlines and a ‘healthy’ gait adopted 
from Whittle[13] can be found in figure 122.
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figure 122: ankle angle during a full gait cycle of the participant when no AFOs are worn, when carbon AFOs are worn, 
when SLS printed AFOs are worn and a ‘normal’ gait cycle as depicted by Whittle[13]

figure 123: Analysis of the ankle angle offset against time in Tracker[61]
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