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Abstract

Drop Foot (DF) and Foot Drop is an interchangeabl e term that describes an abnormal neuromuscular disorder
that affects the patient's ability to raise their foot at the ankle. Ankle-Foot Orthoses (AFOs) are devicesintended to
assist or to restore the motions of the ankle-foot complex. In this paper, personalised AFO development which is
based on 3D models of the patient’ s ankle-foot complex isintroduced. M ethods of reconstructing 3D models of the
ankle-foot based on Reverse Engineering were fully investigated from which the new personalised AFOs were

proposed. These AFOs were designed to assist the ankle flexion-extension for DF patients.
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1. INTRODUCTION

Drop Foot (DF) and Foot Drop is an
interchangeable term that describes an abnormal
neuromuscular disorder that affectsthe patient's ability
to raise their foot at the ankle ™.

There are two common complications from Drop
Foot as follows:

(i) Thepatient cannot control thefalling of their foot
after heel strike, so that it daps the ground on
every step; and

(i) The inability to clear their toe during swing, this
causes the patient to drag their toe on the ground
throughout swing.

The DF treatment type is dependent on the
underlying cause, and possible DF treatments include
medicinal, orthotic, and surgical. Orthotic treatment is
the most commonly used for DF, in which patients may
be fitted with AFO, brace, or splint that fits into the
shoe to stabilize the ankle (or foot) to restore normal

motion or to constrain and inhibit abnormal motion of
the ankle-foot (AF) complex.

In general, foot orthoses fall into three broad
categories: foot function adjustment, foot protection,
and those that combine functional control and
protection. The functional criteria of the orthotics
design ? are (i) Maintain ankle/foot in optimal
alignment (stabilization); (ii) Increase medio-lateral
stability of ankle/foot complex; (iii) Provide a
functional ankle range of mation, whether it be free
motion or limited motion; (iv) keep the weight and
amount of material of AFO to a minimum.

Since there are highly technical and clinical
requirements have to be fulfilled for treatment of a
widerange of AF problems, especially for DF patients.
Commercially available conventional AFO based on
the standard components and sizes show the limitation
of functions, aswell asflexibility and adjustment to be
optimaly fitted to specific patient anatomy.
Personalised (custom-made) design of AFOs based on
3D modelsof patient’s AF complex and state-of -the-art



design and manufacturing technologies would be a
good approach to solve these drawbacks and problems.

Reverse engineering (RE) isgenerally defined asa
process of analysing an object or existing system
(hardware and software) to identify itscomponentsand
their interrel ationships, and investigate how it worksin
order to redesign or produce a copy without access to
the design from which it was originally produced. In
areas related to 3D graphics and modelling, RE
technology is used for reconstructing 3D models of an
object in different geometrical formats.

In this paper, different approaches for 3D
modelling of the AF complex based on RE data are
investigated and emphasised, from which new
Personalised AFOs for DF patients are introduced.

2.METHODS

RE hardwareisused for RE dataacquisition, which
in the case of 3D modelling is the collection of
geometrical datathat represent aphysical object. There
are three main technologies for RE data acquisition:
Contact, Non-Contact, and Destructive °. Outputs of
the RE data acquisition process are 2D cross-sectional
images and point cloudsthat define the geometry of an
object. RE systemsthat use transitive techniques such
as CT and MRI provide a large series of 2D cross-
sectional images of an object. Systems, which use the
remaining RE techniques such as Laser Triangulation,
Time-Of-Flight (TOF), and Structured Light, provide
point cloud data.

Inthisstudy, CT and laser scanner were used as RE
data acquisition hardware for 3D AF modeling.
MIMICS and Magics RP (Materialise NV) were used
for processing CT images and triangle mesh data
manipulations. CopyCAD & PowerShape (Delcam
Inc.), Pro Engineer (PTC) were used for points and
triangle mesh data manipul ations aswel | asgeometrical
modelling processes. Selective Laser Sintering (SLS) *°
was used as the Rapid Prototyping (RP) technique for
fabrication of the AFO prototypes.

There are four main steps to design personalised
AFOs as follows: (i) Data acquisition; (ii) Data
registration, processing and region growing; (iii)
Congtruction of 3D NURB AF complex model; and
(iv) AFOs development. Figure 1 presents aflowchart
from RE data acquisition to 3D Computer Aided
Design (CAD) of AFOs.

2.1 AF complex modeling from laser scanning data

The output of the RE data acquisition step using
Laser Scanner is point clouds (Fig.1). There are two
methods for capturing the external surface of the AF
complex: direct and indirect scanning. In indirect
scanning, first of all, a wax print model of the AF
complex is prototyped. Fig. 2 (a, c) shows the process
of making a silicon mold (a) which is then used for
fabricating the wax print model of an AF complex (c).
Finally, thiswax print model is used as a prototype for
laser scanning to collect point clouds (Fig.2 (d)) that
define geometry of the AF complex.
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Fig.1: A flowchart from RE data acquisition to 3D
CAD of AFOs.

In direct scanning, RE data acquisition is done by
directly scanning the AF complex of a patient without
using a wax print model. Figure 2(b) shows a direct
scanning process using Hymac laser scanner.

Although the scanner allows scanning of an object
from different angles with certain provided degrees of
freedom, to capture the entire geometry of the AF



complex, multiple scans are required. Since using
different scan setups, the point cloud from one series of
scans is not accurately oriented with respect to the
point cloud from another series. Data registration is
then used to align and merge these point clouds so that
al point clouds in the series are arranged in their
proper orientation relative to one another inacommon
co-ordinate system. Finally, the complete point cloud
that defines geometry of the AF complex is obtained
(Fig.2 (d)). After optimising the point cloud data, the
triangle mesh model of the AF complexiscreated .This
triangle mesh model is then used as a guide for
congtructing NURBS models of the AF complex
(Fig.2(e)), which is imported into CAD packages for
personalised AFO design.
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Fig. 2: (a): Prototyping a silicon mold for making a
wax print model of the AF complex. (b): Direct laser
scanning of the AF complex using Hymac laser
scanner. (c): A wax print model of the AF complex.
(d): Point cloud data produced by laser scanning. (€)
3D NURBS model of the AF complex.

2.2 AF complex modeling from CT scanning data

CT images of the AF complex in the DICOM
format * are used asthe input for image processing and
3D reconstruction. Segmentation by thresholding
techniques is used to define aregion of interest (ROI)
that presents the object for 3D reconstruction, and in
this case, bone structure and external shape of the AF
complex are segmented. The segmentation process is

based on the grey-level value of image pixels. The
object can be defined using one or two thresholds. In
the former case, the segmented object will contain all
pixelsin the images with a grey level value higher (or
lower) than or equal to the threshold. In the later case,
the pixel grey-level value must be between both
thresholds to be part of the segmented object. In order
to split the segmentation into separate objects, aregion
growing technique is used. The information from
segmentation and region growing processes is used to
reconstruct 3D models of ROI from CT images. Figure
3 presents 3D models of external shapes and bone
structures of the AF complex for the left and right leg
of a patient; they were constructed from CT images
based region growing and threshol ding techniques.
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Fig.3: 3D model s of the bone structure (c) and external
shape (d) of the AF complex for aright (a) and | eft (b)

leg.

Finally, 3D triangle mesh models of the AF
complex generated from a medical image processing
(MIP) package are imported into RE software for
constructing NURBS models.



3. RESULTSAND DISCUSSION

3D NURBS models of the AF complex were
successfully reconstructed using non-contact RE
techniques (laser and CT scanners) (Fig.2 (e) and Fig.3

(d)).
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Fig.4: (a) 3D NURBS models of the hand constructed
by RE. (b): Personalised AFO prototype fabricated by
SL Stechnique.

Based on 3D NURBS models of the AF complex,
different models of personalised AFOs were
developed. Figure 4(b) shows the new personalised
AFO whichwasfabricated by Selective Laser Sintering
(SLS) technique. Another new Personalised AFO is
presented in Fig.5; it was designed into two
components: lower (foot) and upper (calf). Different
types of elastic elements that connect these two AFO
components were also investigated. A new proposed
AFO uses two wave-shaped elastic elements (lateral
and medial) (Fig.5 (c)) and one flat-shaped spring
support element with one degree of freedom (Fig.5
(a)). Thelock mechanism for connecting el astic wave-
shaped elementsto lower and upper AFO components
are shownin Fig.5 (b).

Of all three data acquisition methods, CT scanning
gives the most accurate dataand more information can
be obtained, especially for preoperative planning and
implant design > " °. In addition, the scanning time is
quickest and it is very convenient for the patient. The
scanning data can be sent to the AFO design team via
Internet. However, it is aso the most expensive
solution.

Since different scanning angles are used to
complete the scanning of an entire geometry, when

applying a direct scanning method, special fixtures
need to be used to keep the foot not moving during the
scanning process. Some times it is very difficult to
assure the accuracy of the acquisition data.
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Fig. 5: (a): Flat-shaped spring support element with one
degree of freedom (shown on right). (b): A lock
mechanism for the proposed elastic wave-shaped
elements. (c): The personalised AFO with lower and
upper components, which are connected by two elastic
wave-shaped elements (lateral and medial).

Although more steps are needed to prepare a wax
print model, an indirect scanning method is cheap and
easy to implement. The accuracy islessthan the one of
using CT scanning due to errors introduced in rapid
tooling processes. However, the accuracy of being
around 0.2 to 0.5 mm is acceptable for orthotic
applications; and it is much more stable compared to
direct scanning.

A commercially prefabricated (off-the-shelf) AFO
isnormally manufactured in quantity without aspecific
patient in mind. This prefabricated orthosis may be
trimmed, bent, molded (with or without heat), or
otherwise modified for use by a specific patient. It does



not always meet technical and clinical requirementsin
DF treatments. In addition, although personalised
fabricated orthotics can be manualy made for a
specific patient, it not only requires high skills in
tooling techniques but also lack the accuracy and
flexibility in design as well as AFO shapes and types.
By applying advanced design and manufacturing
technologies (RE, CAD/CAM, RP) personalised
orthotics can be made to fit exactly the patient
anatomy. The design isvirtually simulated, optimised,
and prototyped by RP techniques before it is
transferred to the production; therefore clinical and
technical requirements for the AFOs are completely
met and controlled; and finally treatment quality for the
patient isimproved.

4. CONCLUSION

We presented the methods of constructing 3D
models of the AF for personalised AFO development in
which RE techniques using direct and indirect as well
as CT scanning were investigated. The presented
methods were not only applied for AFO devel opment,
but also successfully used for modeling 3D internal and
external anatomical structures (Fig.4 (b)) for design
and manufacturing of orthoses, medical devices,
implants, and surgical aid tools >°.

Personalised design is an optimal solution to meet
technical, clinical, and cosmetic requirementsin AFO

development, especialy it allows obtaining complete
fitting to patient anatomy and optimization in the
design and material selection.

Finally, based on 3D models of the AF complex
that is constructed by RE techniques, new personalised
AFO was developed. It was designed into two
components that are connected by elastic elements to
help lift the foot. Virtual simulation in dynamics and
kinematics as well as Finite Element Analysis method
were applied to optimise the design; and it was
fabricated by SL S technique.
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