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ABSTRACT

With increasing life expectancy, the risk of diseases of the central nervous system, such as cancer,
strokes, etc., also increases. Strokes often result in injury to the sciatic nerve, which is responsible for
controlling the calf muscles (plantar and dorsal flexors). A so-called ankle joint orthosis (AFO) helps to
support the pathological gait and to avoid foot drop during gait. Passive orthoses are of particular
importance for research, as they do not require additional incoming energy from outside to the orthotic
system. However, current passive orthoses are often not personalized. On the one hand, because they
usually have only a temporary muscle-building function and, on the other hand, because the individual
design process is computationally time consuming and thus expensive. This paper presents a possibility
to pre-dimension and pre-design passive orthoses fast and cost-efficiently by reducing the complexity
of the model based on volume-optimized truss elements. Therefor a traditional high calculation intensive
design procedure is compared with the complexity reduced model to show its effectiviness and the
similarity of the results.
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1 INTRODUCTION

Increased life expectancy has been one of the main factors leading to increased demand for prosthetics
and orthotics in recent years (Reportlinker, 2022). For example, from 2021 to 2022, the global
prosthetics and orthotics market grew by $0.33 billion. By 2030, it is expected to increase by a further
US$1.68 billion. These figures are a good illustration of why optimization in orthotic design is more
important than ever. However, current orthotic design methods are largely concerned with mass
production because, unlike prostheses, orthoses only provide a temporary remedy for damaged body
parts. Nevertheless, recent studies showed that personalized and user-tailored products are beneficial
for successful and rapid treatment (Leite et al., 2019). For example, optical measurement methods
such as 3D scanning are increasingly being used to generate digital images of affected regions (Kumar
Banga et al., 2021; Stefanovi¢ et al., 2021; Tavares et al., 2023). These can serve as input data for
reconstructing limbs or, in the case of orthoses, matching the freeform of the structure to the body part
being supported. Furthermore, the location of joint axes can be measured directly from the 3D model
(Spaeth, 2006). The personalization of products leads to unique products that require an individual
design process. In addition, conventional dimensioning methods can only approximate the complex
freeform geometries of optimized structural responses to a limited extent. The reduction to a
continuum mechanically describable structure leads to large errors. Here, numerical methods such as
Finite Element Analysis (FEA) and Multi Body Simulation (MBS) are used as design tools. With
these, it is possible to identify the occurring loads and to perform strength analyses. First, the designed
structure is discretized into simpler elements (sheet, membrane, shell, plate, etc.) and then, the
resulting displacements, forces and stresses are calculated by solving the displacement differential
equations (static) or eigenvalue problems (transient) (see Figure 1).
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Figure 1. Overview of different element types with different number of nodes in finite
element analysis.

N. P. Reddy et al. (1985) showed early how this form of Computer-Aided Design can be used for a
passive ankle-foot orthosis (AFO). Unlike active AFO, passive ones do not require any additional
energy input to the orthotic system. In the meantime, much research has been conducted in this area
and sequential processes have been formulated and optimized (Chu et al., 1995; Pallari et al., 2010;
Syngellakis and Arnold, 2012; Dickinson et al., 2017; Dhokia et al., 2017). A 3D-printed AFO
optimized for a child with an energy-storing mechanism was designed by Banga et al. (2020). The
authors showed that the conservative approach with shell elements is computationally very intensive.
Shahar et al. (2019) showed the high potential of anisotropic materials for energy storage tasks for
orthoses. Ali et al. (2021) described a similar approach to design AFO based on 3D printed CFRP
structures. The use of anisotropic nonlinear materials further increases the computational time to solve
the displacement ordinary differential equation (ODE), since the nonlinear effects must also be
approximated. In general, the computation times scale over the third power with increasing number of
element degrees of freedom (Hell, 2018). If additionally multiple targets, such as energy storage
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functions, switching processes or even coupling with musculoskeletal human models (MHM) are
considered in the FEA calculation, the computation time increases exponentially. This results in a
great need for optimization in the design pre-process, which leads to the research gap for a performant
design and computation process in the field of personalized medical devices (Totah et al., 2017,
Scherb et al., 2022).
The research questions are therefore:
e How can the CAD process of patient-centred orthoses be made faster and more intuitive in the
future?
e And, how efficient is the presented complexity-reduced method compared to classical full
models with higher-order element types?

2 METHODS

In this chapter, the overall procedure is first briefly described on the Figure 2 below. The subchapters
go into detail on the used methods.
[1] IR
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Figure 2. Procedure of the computer-aided 2D/3D truss design method for passive orthoses.

In the first step, with the help of user-centred and lightweight design specific methods, the classical
design methodology according to Pahl/Beitz is applied to plan and design an AFO [1] (Pahl et al., 2007;
Miehling, 2019). The contents of the applied conceptual design methods such as requirements list, black
box, structural tree as well as the exact selection of the active principles were previously published by the
authors (Steck et al., 2022). Subsequently, the pre-sketched orthosis is manually transformed into a 2D
truss [2] and pre-dimensioned in a two-dimensional truss FEA (Andreas Dutzler, 2022) based on the
Python package TrussPy, i.e. beam elements are distributed in the design space and the general
displacement or stiffness is analysed [3]. For further processing, a foot is scanned at the self-test using a
fringe light projection meter [4]. Then, in FUSION360, the orthotic concept is adapted three-
dimensionally to the scanned foot [5]. In this step, the mechanical energy storage (if available) is also
prepared. Next, the orthotic blank is thickened and transformed into a Boundary Representation object
via a feature-based reconstruction (Mayer et al., 2022). This serves as an input parameter for a design
space, which is volume optimized in the next step (Fairclough et al., 2021). The applied loads and
constraint locations (Taha et al., 2016; Wong et al., 2016; Mitternacht and Lampe, 2006) of the orthosis
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must also be defined in this process. The optimization leads to a truss structure with minimum number of
beams that just satisfies the stiffness constraint [6] (Jager and Wartzack, 2023). Finally, the converged
solution is validated in ANSYS with respect to its deformation or stiffness properties [7].

2.1 Pre-dimensioning using two-dimensional analysis methods

As explained in chapter 1, the use of common element types (tetrahedron, hexahedron, polyhedron,
see Figure 1) leads to very high computation times for this application when the number of nodes
increases. Since in stiffness optimization tasks, the inversion of the global element stiffness matrix has
to be recalculated in each iteration, the reduction of the number of nodes is of further importance. One
of the most commonly used methods to reduce computation time in FEA is to reduce the complexity
of the computational model using simpler element types such as beam or rod elements. Components or
assemblies discretized with these elements are called trusses. As the results of rod elements are often
non-representative about the displacement behaviour of a truss, beam elements are mostly used as best
practices. Basically, a distinction is made between Bernoulli and Timoshenko beam theories (Ochsner,
2021). The first are used for long, slender beams and the second for short, thick beams. In this paper,
simple 2D beams are first used for quick pre-dimensioning and Timoshenko beams are used in the
further 3D design process.

First, a rough picture of a two-dimensional orthosis is sketched from a list of requirements for the
various boundary conditions (see Figure 3).

Truss-FEM

A 41 A

Figure 3. Load and constraint definition in 2D truss problem. F1= 200N; F>,=400N and blue
as [ux,Uy,u;] =0

The constraints and loads are taken into account directly in the design/distribution of the beams from
previously recorded gait analyses (Scherb et al., 2022) for each of the four gait load cases (Heel Strike,
Foot Flat, Heel Off, Toe Off) (Shorter et al., 2012). A load of 400 N is applied to the heel nodes and 200
N is applied to the sole of the foot. For a body weight of 60 kg, a weight force of approximately 590 N
acts at the body's centre of gravity. This force is presumed to be evenly distributed over the contact
surface of one foot during gait. The heel sees about two-thirds of these surface loads (Wang et al., 2018).
Since point loading of a node is unlikely, the choice of loading should be considered conservatively. The
orthotic truss is thus dimensioned with a safety factor Se>1. The actual distribution is then done
manually according to general design guidelines of beam trusses, i.e., arrange beams at 30-degree angles,
no over-determine system, statistically distribute intermediate beams, etc. (Ochsner, 2021).
Subsequently, a FEA of the 2D truss is performed. Here, the loads and restraints are distributed to the
nodes according to the previously determined limit values. After that, a simple truss FE simulation was
written in Python, which can solve simple 2D truss problems. The solver is basically based on the
implicit solution principle K~1f = u, i.e., after setting up the inverse global element stiffness matrix K
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this is reduced by zero-entries for faster calculation and subsequently offset with the given force vector f
in a matrix multiplication. This leads to the displacement vector u and is the fastest way to calculate
nodal displacements in the FEA. Afterwards, the displacement solution is interpreted and used as input
for the three-dimensional design of the orthosis, together with the patient's foot scans.

2.2 Determination of the individual installation space by 3D scanning

In order to be able to design orthoses adapted to the patient, the patient's foot geometry data must first
be recorded and integrated into the design process (see Figure 4).

Figure 4. Schematic procedure for scanning patient feet.

A measuring device for clamping the foot and lower leg was constructed for this purpose. The
difficulty here is to select as many fixed points as possible so that the foot cannot move during the
measurement, but to select as few fixed points as necessary so as not to influence the measurement too
much. The measurement is then performed using the strip light projection method. The gapped design
space is then smoothed using Fusion 360, the gaps are closed, an offset is applied to the design space
and it is re-exported as a tessellated format (.stl). In the next step, the design space is converted into a
model with continuous splines (Boundary Representation Model (B-Rep)).

2.3 Design space generation with subsequent truss optimization

Next, the faceted object is changed to an B-Rep model. Here the surface representation of the model is
transferred from polygonal to parametric using the approach from Mayer et al. (2022). The
triangulated surface model is first converted to a quadrangulated surface by voxel-based remeshing in
the graphics program Blender3D. The surface is approximated by voxels of manually defined size and
evaluated to a polygon mesh. Subsequently, the model is imported into the CAD software Autodesk
Fusion 360. The quadrangulated surfaces are automatically converted to T-spline surfaces and
subsequently to the parametric surface format (see Figure 5).

Upper
Ankle Joint
Axis

Figure 5. Workflow for the preparation of a B-Rep beam truss construction space of ankle
joint orthoses.

After a 3D model has been generated, an axis is located to define the ankle moment around the upper
ankle joint. This is based on the measured data and was compared to manually identified values with a
Vernier calliper. Then the model can be transformed into a 3D beam truss using an approach extended
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to 3D according to Fairclough et al. (2021). Basically, the optimization follows the procedure
in Figure 6.

Input problem Create 1nitial

Solve LP problem
A Extract structure .
s eqn. (1), for i Output interim
definition and ground B and virtual
current ground solutions
nodal gnd structure 2 displacements
structure

A

A 4

Add violated
elements to ground
structure

Solution
has virtual
strain violation

Filter and validate

solation ;i Output structure

Figure 6. Layout optimization procedure for Beam-Truss-Optimization

Where the optimization problem is defined as follows:

;1}11(% V=1Ta (1a)
subject to: Bq®) = £ (1b)
—-c”a<q® <o*a (1c)
a=0 (1d)

V is the volume fraction, which is the number of beams in a truss optimization. The vector I =
[l1, 15, ..., L,]T describes the length of the individual beams. The vector a represents the beam cross
sections, which are design variables representing the density of the beams. The matrix B contains the

directional cosines and q(k) the element forces for each load case k. The input vector f% =

[Fx, 12, flez, plex L FRY 1T s the vector of external loads and o~/o* the admitted stresses.

Since solving the optimization problem produces design variables with values close to zero but not
exactly zero, filter functions must be implemented that provide the solution framework with members
of constant cross-section. However, as these filter functions are not necessary for the understanding
how the optimization works, they will not be discussed further here. The complete implementation
follows exactly Fairclough et al. (2021) and can be found there. Finally, a solution with a minimum
number of beams is obtained, which just withstands the loads. In the next step, the convergent solution
is prepared for analysis in ANSY'S and simulated there with respect to the occurring loads.

2.4 Validation of the deformation and stiffness behavior

In the last step, the reconstructed structure is loaded into SpaceClaim and a circular cross-section is
assigned to each beam (see Figure 7).

=

b)

Figure 7. 3D truss orthosis: a) Truss design suggestion after optimization process b) Load
distribution and constraints on 3D truss model.
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The resulting structure is then loaded into ANSYS and the loads are applied to the defined nodes as
described in the previous step. The load distributions are defined in Figure 7. The load distributions are
defined and refers to the stress distribution of the 2D result by manually increasing the number of beams
in the areas of high stress around the ankle joint. Then, the deformations and resulting internal element
forces are analysed. Finally, the computational speed of truss optimization and ANSYS topology
optimization and 3D shell elements and 3D beam elements are compared and the results are contrasted.

3 RESULTS

The methods for designing personalized truss models explained in the previous chapter are now
applied to a personalized AFO. The results are presented below in Figure 8. Since stresses are vectoral
quantities, values would not be representative. For this reason, the maximum stress occurring was
normalized to 1. Thus, blue is a stress of 0 and red is a stress of 1.

Truss-FEM Loadcase: heel strike Truss-FEM Loadcase: foot flat Truss-FEM Loadcase: heel off Truss-FEM Loadcase: toe off

Diameter: 5mm Youngs-Modulus: 210.0GPa Diameter: 5mm Youngs-Modulus: 210.0GPa Diameter: 5mm Youngs-Modulus: 210.0GPa Diameter: 5mm Youngs-Modulus: 210.0GPa
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Figure 8. Stress analysis of the 2D truss for the different load cases occurring during walk
cycle: a) Heel Strike b) Foot Flat c) Heel Off d) Toe Off

The evaluation of the 2D truss analysis described in Figure 3b) showed that the maximum stresses
occurred in the area of the ankle joint for load case foot flat (red arrow). Since the node stiffness works
against twisting of the foot section, the largest bending moment is located at the ankle joint and
consequently the largest stresses will occur there. Especially in the Foot Flat and Heel Off load cases, the
greatest joint reaction forces occur in the gait, which can be seen very clearly in the two middle graphs.
At a possible passive energy storage device, which was attached to the right rear area of the orthosis, also
high stresses appear (green arrow). The resulting strain could than transfer to body own springs to
harvest the appearing energy (see Figure 2 [1]). Within the front area, a type of attachment buckle was
designed to stabilize the forefoot during gait and bind it to the orthosis, so the orthosis is always in
contact with the foot. This led to high stresses especially during heel strike and toe off (see in Figure 8 a)
blue arrow). At the rest of the orthotic area no stress or very little stress compared to the rest occur. Next,
the results were used to generate the Figure 5 design space along with the 3D scanning images. This was
converted into a B-Rep model and then optimized using the program described in Figure 6. Afterwards,
the analysis and optimization of the structure was performed (see Table 1).

Table 1. Comparison of the different process stats of the used element methods.

Parameter Conventional Tetrahedral Structure | Optimized Truss Structure
Elements 66175 1724

Nodes 111507 3231

CAD Design duration |~2 h ~10 min

Transient FEA Solver |1 h 53 min 40 sec 3 min 51 sec
Optimization Solver |5 min 14 sec 4,84 sec

To solve the transient problem the program Ansys was used. For a conventional tetrahedral discretized
structure, the solver needed 1 h 53 min 40 sec. For the same design but discretized with beams the solver
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needed 3 min 51 sec. After that a structural optimization was performed. In this process, a target volume
of 1724 beams were realized from an initial design space of 3000 beams, which is 54,7 % of the initial
design volume. The solver converged after 33 iterations (4.84 sec). A comparable optimality criteria-
based topology optimization with shell elements and volume objective function (50%) converged in 40
iterations (5 min. 14 sec). The graphs are not shown due to the similarity of the design suggestions.

Then, the design proposal was loaded into SpaceClaim to assign a constant circular cross-section with
a diameter of 5 mm to all beams. The material model was defined as linear elastic with a Young's
modulus of 210 -10° MPa. The orthosis was then analysed in ANSYS for its deformation and stiffness
properties. The results are shown in Figure 9.

C: Transient Structural
Total Deformation
Type: Total Deformation
Unit: m

Time: 15

02.03.2023 17:59

C: Transient Structural
Total Deformation
Type: Total Deformation
Unit: m

Time: 15

29.11.2022 12:24
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Figure 9. Transient structural analysis: Total deformation of the orthosis structure:
a) Optimized truss structure b) Tetrahedral discretized structure

The deformation pattern in Figure 9 a) showed a maximum deformation of 5 mm at the toe. As
expected, no deformation occurred at the calf fixation. In the heel area, the deformation was also small
and occurred, if at all, at beams perpendicular to the direction of force. In contrast to the deformation
of the truss structure, the deformation distribution of the tetrahedral model was a bit higher, although
the maximum deformation was smaller. However, the overall deformation distribution of both element
methods was quite similar.

4 DISCUSSION

The key innovation of this contribution is a fast and efficiently design process for patient specific
orthosis. Therefore, established design and analysis methods, tools and programs were substituted with
more efficient, simplified and more suitable methods. Here, it comes out, that the rotation of the foot
around the upper ankle joint axis causes the temporary spring support at the rear of the foot to shift in
a clockwise direction. This insight from the 2D design (see Figure 8) can be used to place energy
storage devices such as springs there or to redirect the load to a more suitable location, e.g. colinear to
the ankle axis. The deformation plot clearly shows the functionality of truss simulations. Since the
same simulation results were obtained for models with higher order elements, it can generally be said
that for transient structural calculations of orthoses beam elements can bring a significant saving of
resources. Therefore, also a fraction of the time was needed in order to solve the ODE, because of the
more simpler element type. However, the assumption that the load is distributed evenly over the entire
sole of the foot is only a simplified load case, which has to be defined with more consideration of the
variant ankle-moment distribution, over the gait cycle. Regarding the calculation time, however, this is
not expected to have any influence. Within the Ansys implicit solver, the time steps and number of
substeps are important and not the type and size of the loads. For the pre-processing of the truss
structure the CAD-Design-Work were also more less as for the shell structure. As a matter of fact, the
build-up of a structure and the various intermediate steps to achieve analysability is dependent on the
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prior knowledge, experience and skills of the user/engineer and therefore very subjective. However
there are some limitations for the presented design process. The manual discretization of the orthosis
structure was not very intuitive and should be improved in the future. Especially in the area of the
restraints, automatic meshers can help to generate a continuous mesh. For the cross-sectional area
problem, an upstream parameter study can be a solution. The longer calculation times should still be
much lower than the design with shell or even solid elements. Furthermore, the beam element bending
moment calculations are particularly sensitive to beam diameter/beam area. In a comparative analysis
with variable beam diameter for values less than 3.6 mm no convergent solutions exist. Here, the
diameter-to-length ratios are so low that the bending stiffnesses become very small and, as a result, the
bending moment diverges to infinity.

5 CONCLUSION AND OUTLOOK

The presented method with integrated simplified 3D analysis is a simple, and quick variant for the
design of personalized AFOs. Furthermore, the main advantages of the presented method are
robustness, due to the already often used design programs and faster convergence of the objective
function of the optimization. Since passive orthoses provide great added benefits (Mills et al., 2010),
the presented method can be used for educational purposes for future design engineers in the field of
personalized medical devices or sports medicine. However, the Method should be than extended by
adding mechanical energy storage possibilities like springs. This could be done similar to Tian et al.
(2015) or by means of alternative actuator technology (Thalman et al., 2022) and the parallel updating
of load cases by coupling with MBS-based human model simulations. However, since it is
indispensable to perform computations with higher-level elements, a solution must be found for future
work to save further computation time. Foremost above a certain structural complexity with possibly
executable mechanics and interacting switching processes the computation time will highly increase.
When coupling MBS and FEA, the computation times also increase, since in each time step the
resulting support reactions in the MBS solver cause new modified load spectra. A possible solution
here could be a serially switched model order reduction.
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