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1
General Introduction

It's been a long time since I rock and rolled

It's been a long time since I did the stroll

Ooh let me get it back, let me get it back

Let me get it back, baby, where I come from

~ Robert Plant ~
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Introduction
Achilles tendinopathy
Achilles tendinopathy (AT) is the most frequently reported injury related to the ankle and foot 
in different sport activities. In the Netherlands an incidence of 5.2% of AT within an athletic 
population is reported in a large cohort study [1]. Excessive mechanical load is an important 
extrinsic factor in the aetiology of AT [2]. Mechanical Achilles tendon overload is addressed 
as a force on the Achilles tendon which is the case during walking and running activities [3,4]. 
The m. Triceps surae are the main contributors to the push-off of gait by generating an internal 
plantar flexion moment (PFM) around the ankle joint [5,6]. The m. Triceps surae are attached 
to the Achilles tendon transposing the force on the tendon. Extrinsic mechanical overload as 
during walking or running, resulting in repeated m. Triceps surae contractions, is not always 
the single explanation for occurrence of AT. The aetiology of AT is multifactorial including 
intrinsic and extrinsic factors [7]. Intrinsic factors include increasing age, and conditions such 
as diabetes and hypertension, and biomechanical abnormalities such as foot deformities 
(pes cavus), plantar flexor muscle strength deficits and reduced passive ankle dorsiflexion 
range of motion[8]. Therefore, AT occurs in the general population as well [9]. Conservative 
treatment of AT is generally focused on managing the mechanical load [2]. 

Plantar fasciitis
Another frequently occurring overuse injury is plantar fasciitis (PF). PF is seen in both the 
athletic and non-athletic population with an incidence of 6.1% and 1.1% respectively [10]. 
People suffering from PF experience mostly pain around the insertions of the plantar fascia, 
especially at the plantar side of the heel. Pain intensifies mostly with increased plantar 
pressure during weight bearing such as standing and walking. In addition, increase in plantar 
fascia strain can lead to pain and discomfort due to changes in the length of the fascia 
during gait. Increasing load on the Achilles tendon is coupled with an increasing strain on 
the plantar fascia. Force on the Achilles tendon resulting from intense muscle contraction 
and passive stretching (due to ankle dorsiflexion (DF) of the Achilles tendon are mechanical 
factors for (over)loading the plantar fascia [11]. It was found that Achilles tendon force 
has about twice the straining effect on the plantar fascia than normal weight bearing on 
the foot [11]. Furthermore, at the end of the stance phase, increase in dorsiflexion of the 
metatarsophalangeal (MTP) joints further increases plantar fascia strain through the windlass 
mechanism (figure 1). An essential mechanism to maintain the arch of the foot, allowing that 
we could walk in a systematic and efficient way [12]. 

Figure 1: Dorsiflexion at the MTP-joints stiffens the foot through a windlass mechanism. Therefore, dorsiflexion of the 
toes creates load on the plantar fascia that tends to pull the calcaneus towards the metatarsal heads. This results in 
an increase in tension at the proximal and distal attachments of the plantar fascia. At the calcaneus, the plantar fascia 
is directly connected to the Achilles tendon through the band tissue of the heel (AT-calcaneus-PF complex) (adapted 
from Sichting et al., 2020)[13].
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When conservative treatment is aimed at reducing biomechanical risk factors of both AT 
and PF with an orthotic intervention, it should therefore include approaches which minimize 
Achilles tendon passive and active stretch. Specifically for PF minimizing MTP joint dorsiflexion 
and redistribution of plantar pressures around the insertions of the fascia during gait are part 
of the treatment [14].

Rocker shoes 
Several studies show that a rocker shoe with a proximally placed apex is useful to reduce 
the forces and moments on the foot and ankle during walking [15–19]. A rocker sole is 
nothing more than a (in most cases) stiffened sole with a strong curvature: the rocker 
profile, the technical understanding of the shape of the shoe sole. The name of the rocker 
profile is related to the subdividing of gait into rockers. The first rocker starts when the heel 
strikes the ground and the foot rotates around the heel (generally by ankle plantarflexion 
movement) until the foot is in the flat foot position. During the second rocker of gait, the tibia 
rotates around the ankle joint. Towards the end of the second rocker the M. triceps surae are 
activated, initially to slow down the dorsiflexion movement and later initiating the third rocker 
where the ankle plantarflexes, resulting in roll-over over the MTP joints ending in toe-off, 
initiating the swing phase of gait. Rocker profile shoes with both a heel and forefoot curvature 
(the rockers) support the foot rockers and have therefore a significant effect on lower limb 
kinematics and kinetics. Literature has shown that rocker soles with certain configurations 
affects ankle kinematics and kinetics compared to normal shoes [15,20–24]. Specifically, 
reported effects of rocker shoes relative to standard shoes are a significant decrease in the 
ankle dorsiflexion angle and plantar flexion moment when walking or running [15]. This is 
explained as the effect of the ground reaction force passing forefoot apex: it induces heel 
rise which consequently decreases ankle dorsiflexion and sagittal ankle moment arm (which 
reduces PFM) [15]. Rocker shoes can therefore have a load-reducing effect on the Achilles 
tendon in terms of force [17].

Problems with the current design
The effects of rocker profile soles on biomechanics of gait have shown to be different for 
individual subjects [25]. This means that each subject should have an individual ‘tailor-
made’ prescription. However, lack of guidelines in prescription and the manufacturing 
process are not conducive to rocker shoe individualization. Furthermore, making rocker 
soles is a complicated, time-consuming, traditional job and the result often varies in quality 
because the empirical knowledge and ability of the shoe technician determines the rocker 
shape and therefore its efficacy. Moreover, the clinical prescription of rocker shoes often 
lacks biomechanical rationale. Differences in terminology of rocker shoe parameters, rocker 
profiles and the way rocker shoe parameters are described and quantified make it challenging 
to create a uniform prescription. 

Goal of the project
The goal of this project is to develop effective individual rocker profiles, based on 
biomechanical rationale with a uniform terminology in rocker profile parameters. Based 
on our own interviews with orthopaedic shoe technicians it was shown that rocker shoes 
need to be effective for which they are designed, and to have a “good heel-to-toe rollover”. 
Therefore, the designed rocker profiles should contribute to a decrease of AT and PF by 
reducing the force and moment on the foot and ankle and support the individual heel-to-toe 
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rollover. Knowledge, both from literature and by own experiments, about how the rocker 
profile parameters affect gait biomechanics was therefore essential. This knowledge was 
implemented in an algorithm, with which a rocker profile sole could be designed. One way to 
exactly produce a design of a rocker profile, is by 3D printing. The 3D printing technique is 
therefore used in all experiments presented in this thesis.

Rocker parameters
Not only in the prescription, also in the description of the shape of the rocker profile in 
literature, fundamental differences do occur. In literature a rocker profile is defined in different 
terminologies: rocker shoes [26,27], rocker bottom shoes [28–30], unstable shoe [31] 
and heel-to-toe rocker shoe [32]. Some have a steep angle between the apex and the toe, 
traditionally called a rocker angle [25,33], and others have a curvature under the forefoot 
[34]. And to make it even more complicated, in some studies a curvature of the rocker is 
described as a straight line with a defined angle [13,35]. In order to define a clear set of 
rocker profile parameters, literature was reviewed, and orthopaedic shoe manufacturers were 
interviewed. We propose to define the rocker profile in eight parameters (Figure 2):

1.  Heel apex position
2.  Heel apex angle
3.  Heel rocker radius
4.  Forefoot apex position
5.  Forefoot apex angle
6.  Forefoot rocker radius
7.  Longitudinal bending stiffness
8.  Sole thickness

Figure 2: Schematic design of the rocker profile parameters visualized in the sagittal (top) and transversal (bottom) 

plane.
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The first and fourth design parameter are the apex positions. This is the point where the apex 
intersects with the longitudinal axis of the shoe and is represented in percentage of the total 
shoe length measured along the longitudinal axis of the shoe [17,25,36,37]. Forefoot apex 
positions are reported proximal to the metatarsal heads between 50% and 65% shoe length 
to be effective for Achilles tendon force reduction [16,17]. A uniform heel apex position has 
not been reported, but can be placed proximal to, distal to, or at the malleoli of the ankle. 
The second and fifth design parameter are the apex angles. This is the angle between the 
longitudinal axis (line from the middle of the heel to the second toe) of the shoe and the 
apex. Manipulating the forefoot apex angle is used for offloading the medial or lateral side 
of the forefoot. The apex angles are mostly described in angles between 70˚ and 100˚ [36]. 
Rotating the lateral side of the apex in a distal direction result in an increase in apex angle. 
The third design parameter, rocker radius, describes the rocker curvature. It is the radius 
of the arc describing the rocker profile. Longitudinal bending stiffness (LBS) is the relation 
between dorsiflexion bending and the applied load on the sole. A high LBS limits metatarsal 
joint movement, and therefore the toe contribution to gait, and redistributes forefoot plantar 
pressures [37]. Sole thickness is affected by the apex position and rocker radius. It is a 
consequence of other rocker parameters but has a theoretical individual effect on PFM as 
well.

Focus
As reducing force on the Achilles tendon is the main goal for conservative treatment of AT, we 
focussed on the rocker parameters that influences the third rocker, propulsion phase during 
the gait cycle where ankle dorsiflexion and ankle plantarflexion moment are the largest 
and the Achilles tendon is exposed to the highest load. This means that tuning the apex 
position, longitudinal bending stiffness and the rocker radius of the forefoot are the focus 
for the design of the algorithm for patients with AT.  For the conservative treatment of PF, not 
only reducing the force on the Achilles tendon is important. Managing toe dorsiflexion and 
decreasing plantar pressure under the heel and/or forefoot are important as well. This means 
that the rocker shoe should affect both the first (redistributing heel plantar pressure) and third 
rocker (managing AT load and toe dorsiflexion). The rocker profile for patients with PF should 
therefore be tuned for both the heel and forefoot rocker. A diagram of the (expected) working 
mechanism of the rocker profile shoes is shown in figure 3. The known (from literature) and 
unknown effects of rocker profile parameters on ankle DF, PFM and heel and forefoot plantar 
pressure are reported in figure 4. Based on this, experiments were designed to fill important 
gaps (orange wave marks) in order to design the algorithm. 
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Figure 3: Diagram of the expected effects of walking with rocker profile shoes on the biomechanical risk factors for 

AT and PF.

Figure 4: The known and unknown biomechanical effects of the used rocker profile parameters on the described 
biomechanical factors to be influenced in AT and PF. The blue check marks indicate sufficient knowledge of the 
rocker parameter. The orange wave marks indicate unknowns that need to be elucidated prior to designing the 
algorithm. The red crosses indicate no reported and expected effects of the rocker parameters.
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Design
Strategy to realise an optimal rocker profile
To optimize a rocker profile, based on the individual characteristics of a foot and the gait 
pattern, an algorithm will be developed. This algorithm incorporates the rocker profile 
parameters that need to be incorporated in the rocker profile. Knowledge about these rocker 
profile parameters was obtained from previous studies and additional research as described 
in this thesis. The algorithm can simulate the outcomes of each rocker profile and thereby 
selecting the most optimal profile to be 3D printed. The goal is to develop a technology that 
can improve the quality and reproducibility of rocker profile soles for a group of patients 
with AT and/or PF complaints. However, other pathologies that harmfully affect the muscles 
and tendons acting on the foot and ankle, and where reducing the force on these tissues 
is treatment modality, can benefit from those rocker shoes as well. This project is the first 
step in the development process of 3D printed rocker soles where knowledge about the 
manufacturing process of 3D printed rocker profile shoes is developed. A major advantage 
of this algorithm in combination with 3D printing is the ability to manufacture rocker profile 
shoes exactly how they are calculated, improving the fitting and the repeatability. It is still 
necessary to visit a clinical professional to determine and evaluate the rocker profile shoe 
effect and whether another therapy is needed. The algorithm supplements the doctor and the 
orthopaedic shoe technician with an individual prescription for a 3D rocker profile.

IndiRock project
In the IndiRock (INDIvidualized ROCKer) - project, a consortium of four partners worked 
together on a new shoe concept: the University Medical Center Groningen (UMCG), OIM 
Orthopaedics, an orthopaedic shoe company, aXtion, a software development company and 
Hulotech, a specialist in rapid prototyping where the rocker soles were printed. The IndiRock 
project was funded by Samenwerkingsverband Noord-Nederland (SNN) and the Province of 
Groningen. The project started in July 2017 and ended December 2020. 

Working process
Below the chronology of the working process is showed, with the step-by-step approach of 
the development of the individualized 3D printed rocker profile sole for people with AT or PF.

1) Identifying the gait parameters that influence AT/PF load.   
2) Identifying the rocker profile parameters     
3) Elucidating (literature and gap filling) individual effects of the rocker profile parameters (step 2)
4) Designing an algorithm that creates a 2D rocker profile, defined by its parameters (step 2) 
5) Predicting the gait parameters (step 1) with the use of the 2D rocker profile
6) Designing an algorithm that creates a 3D rocker profile, defined by 8 parameters

After these steps the manufacturing of the rocker shoe started:

7) Printing the 3D rocker profile (step 6)    
8) Applying the 3D sole (step 7) to an existing shoe upper  

The last steps were testing:

9) Clinical trial for AT & PF
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Requirements and functionalities
The prototype must fulfil several functionalities, requirements, and boundary conditions to be 
successful. Therefore, the prototype is separated in different parts:

A. Software
B. 3D Rocker profile model
C. 3D Rocker profile print
D. Shoe

The functionalities are described for every part of the prototype separately in table 1. And are 
ranked in primary and secondary functionalities.

ID FUNCTIONALITIES
A Software

 Primary:

1 The software processes biomechanical & anamnesis data of the subject.

2 The software applies individual data (A1) to create rocker profiles.

3 The software determines the optimal rocker profile based on simulated PFM/DF.

4 The software creates a 3D – model of the optimal rocker profile (A3).

 Secondary

5 The software visualizes biomechanical input data.

6 The software visualizes simulated biomechanical data.

7 The software visualizes the 3D-model of the optimal rocker profile.

B 3D Rocker profile model

 Primary:

1 The 3D-model of the optimal rocker profile mWust be exported to the printable (.STL) format.

2 The 3D-model fits to the shoe upper.

3 Extra rocker sole parameters are added to the 3D model (wall thickness, length, width, stiffness 
parameters).

Secondary:

4 A 3D motion simulation can be performed on the 3D-model.

C 3D Rocker profile print

None

D Shoe

 Primary:

1 A soft, damping layer, is added to the hinge to improve flexibility and durability.

The requirements are described for every part of the prototype separately in table 2. And are 
ranked in must haves, should haves and could haves.

Table 1:  List of functionalities
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1ID REQUIREMENTS

A Software

None

B 3D Rocker profile model

 Must have:

1 The 3D-model of has a maximum deviation of 1mm with the calculated apex positions, radii and thickness.

Should have:

2 Weight of the shoe is optimized without comprising the rocker parameters. 

 Could have:

3 Toe spring is configurable without interfering rocker sole parameters to fit the shoe upper.

4 The heel rocker structure provides sufficient damping (compared to orthopaedic shoe wear).

C 3D Rocker profile print

 Must have:

1 The printed rocker sole contains all the rocker parameters with a tolerance of ±1° / 1 mm compared with 
the 3D-model of the rocker profile. (B1)

2 The printed rocker sole is processed with a maximum duration of 3 days.

3 The flexible hinge at the forefoot withstands at least 1000 steps (one measurement session).

Should have:

4 The print design and material and should naturally have sufficient damping properties (compared to 
standard shoe wear).

Could have:

5 The flexible part at the forefoot (hinge) should not be vulnerable to dirt.

6 3D print could fit multiple different shoe uppers.

7 The initial stiffness of the hinge is maintained for at least 75% after 100 000 bends (0 to 50 degrees).

D Shoe

 Must have:

1 Prototype withstands 7 x 2500 = 17500 steps (per shoe) per week.

2 Gluing of the shoe upper with the printed rocker profile must hold for at least 4 weeks.

3 The time from start to fitting the shoe to the user is maximal 2 weeks.

4 Damping properties are in accordance with orthopaedic shoe guidelines.

5 The grip/traction is applied in accordance with the guidelines for orthopaedic shoes.

 Should have:

6 Manufacturing costs: Maximum of 400 euros / pair.

 Could have:

7 At least the same quality compared to conventional orthopaedic shoes in terms of durability, weight, and 
efficacy. 

8 Maximum weight of 300 grams per shoe (size EU40).

Table 2:  List of requirements
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At last, the boundary conditions are described in table 3.

ID BOUNDARY CONDITIONS

C 3D Rocker profile print

1 The printed rocker sole is created with Polyamide-12 (PA-12).

2 The printed rocker sole contours fit the Dr. Comfort shoe (type: Jason / Katy).

Thesis structure
The aim of this thesis was to develop an algorithm to optimize the effectiveness of 
individualized rocker shoes as a treatment for or prevention of Achilles tendinopathy and 
plantar fasciitis. With the algorithm rocker shoe parameters were determined and incorporated 
in individualized prototypes that were biomechanically tested in these two patient groups. 

This thesis starts with investigating the biomechanical effects of several rocker shoe 
parameters that are currently unknown or insufficiently known in literature. Therefore, the aim 
of chapter 2 is to give insight into the effect of rocker sole parameter forefoot rocker radius 
on lower leg kinematics and kinetics. In chapter 3 the effect of another rocker sole parameter, 
the longitudinal bending stiffness of the forefoot, on lower leg kinematics and kinetics is 
described. Chapter 4 describes the effect of both forefoot rocker radius and longitudinal 
bending stiffness on plantar pressure.

Then, this thesis introduces the first innovative concept in Chapter 5, the design of an 
algorithm to realise rocker profiles to reduce the stretch and force on the Achilles tendon in 
people with AT. The patent of this algorithm is added as appendix. Chapter 6 introduces the 
second innovative concept, the design of an algorithm to realise rocker profiles to reduce 
plantar fascia strain and plantar pressure at painful regions in people with PF. Finally, Chapter 
7 discusses the most important findings of the studies included in this thesis as well as the 
limitations and practical implications. The developed prototype is evaluated and suggestions 
for future research and rocker shoe development are provided.

Table 3:  List of the boundary conditions.
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