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ABSTRACT

The purpose of this study was to create and validate a standardized framework for the evalu-
ation of the ankle stiffness of two designs of 3D printed ankle foot orthoses (AFOs). The creation
of four finite element (FE) models allowed patient-specific quantification of the stiffness and
stress distribution over their specific range of motion during the second rocker of the gait.
Validation was performed by comparing the model outputs with the results obtained from a
dedicated experimental setup, which showed an overall good agreement with a maximum rela-
tive error of 10.38% in plantarflexion and 10.66% in dorsiflexion. The combination of advanced
computer modelling algorithms and 3D printing techniques clearly shows potential to further
improve the manufacturing process of AFOs.

ARTICLE HISTORY

Received 7 June 2018
Accepted 27 March 2019

KEYWORDS

Finite element models;
experimental setup; ankle
foot orthosis (AFO);
stiffness; gait

1. Introduction

Ankle foot orthoses (AFOs) are external medical devi-

ces used to restore the natural gait pattern for patients

with neurological and musculoskeletal disorders

(Singer et al. 2014; Kobayashi et al. 2015; Ries et al.

2015; Choi et al. 2017). Depending on the design and

the material, AFOs can be classified in different ways:

currently, in the USA, the majority of the AFOs are

custom fabricated (73%) and made of thermoplastic

materials (83%) (American Board for Certification in

Orthotics, Prosthetics & Pedorthics, Inc 2015). Their

production process is mostly time consuming and

manual, where the craftsmen play a critical role

(Mavroidis et al. 2011; International Committee of

the Red Cross 2006). This way of manufacturing does

not allow modification of the design parameters

before the realization of the devices; therefore, it

would be beneficial to quantify in advance the impact

of AFO properties, such as stiffness and thickness,

which are key factors for determining the amount of

assistance the orthosis is able to provide (Bregman

et al. 2012; Esposito et al. 2014; Kerkum et al. 2015).

Currently, different research groups have been focus-

ing on the use of 3D printing technologies, which

enable high control of design characteristics: 3D

printed AFOs are manufactured for healthy subjects

and patients to study their contribution to the ankle

biomechanics and/or compare their performance with

the commonly prescribed AFOs (Mavroidis et al.

2011; Creylman et al. 2013; Arch and Stanhope 2015;

Harper et al. 2014a, 2014b; Cha et al. 2017).

3D printing technologies can be complemented

with the construction of finite element (FE) models

for patient-specific AFOs: they allow the assessment

of the mechanical behavior and stress concentrations

before manufacturing the devices and thus prevent

wasted production time and errors (Chu and Reddy

1995; Syngellakis et al. 2000; Lee et al. 2006; Jamshidi

et al. 2010). A more complete overview can be

obtained if the FE results are coupled with dedicated

experimental tests. This approach was used by differ-

ent research groups for the mechanical evaluation of

composite AFOs (Zou et al. 2014; Stier et al. 2015;

Bellavita et al. 2017), thermoplastic AFOs (Zou et al.

2014), polycarbonate AFOs (Schrank et al. 2013) and

AFOs realized in PA 12, glass-filled PA 12 and PA 11

(Faustini et al. 2008). However, none of these studies

were simulating the devices during a continuous cycle
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of plantarflexion and dorsiflexion. Therefore, the pos-

sibility of virtually predicting the behavior of the

AFOs for a complete range of motion, derived from

the patients’ gait assessment, could provide further

information for the realization of the devices.

In this context, the present study proposes a new

standardized framework for the creation of FE models

of 3D printed patient-specific AFOs in order to quan-

tify the ankle stiffness and the stress distribution dur-

ing the second rocker of the gait. More specifically,

the aim is the validation of these models through the

utilization of a dedicated in-house developed mechan-

ical testing rig (Ielapi et al. 2018), that establishes the

AFO conditions replicated in the FE simulations. This

represents an important step for the future applica-

tion of the FE models in the prediction of the AFOs

behavior in case of pathological conditions.

2. Materials and methods

In this study the mechanical properties of two differ-

ent AFO designs are investigated: a full shell and a

modular design. The full shell AFO consists of one

entirely 3D printed part while the modular AFO is

made of three parts: two fully 3D printed parts (foot

and calf) connected by two carbon rods (Figure 1).

Using pyFormex software, an algorithm was devel-

oped to create a new regular mesh of the geometrical

models of the AFOs provided in STL file format. The

algorithm enables separate consideration of the

internal and the external surfaces of the selected AFO

and then slicing to obtain different polylines.

Subsequently all the polylines are reconnected and a

regular representation is obtained. The final mesh of

the device is obtained by averaging the internal and

external meshes. Quadrilateral elements were used for

the construction of the modular design AFO mesh

which has a uniform thickness. For the full shell

mesh, which has a non uniform thickness, it was cal-

culated by considering the distance between the final

quadrilateral mesh and the initial STL. The final

meshes ranged between 45000 and 67000 linear shell

elements with reduced integration (S4R). A mesh sen-

sitivity analysis performed over a range of 10 degrees

in both dorsiflexion and plantarflexion, revealed that

with these mesh numbers a converged solution was

obtained. In fact, using different mesh grids (20500

S4R elements till 102500 S4R elements) revealed that

the maximum difference in terms of stiffness is lower

than 1% in both plantarflexion and dorsiflexion,

while, in terms of stress distribution, equal to 0.6% in

plantarflexion and 1.5% in dorsiflexion.

In this study, four patients (both children and

adults) were selected and the pathologies considered

were trauma, neuro-muscular disorder and cerebral

palsy. Consequently, four patient-specific FE models

were created: one model with the full shell design and

three models with the modular design. The EU foot

size of the full shell AFO was 40, defined as AFO A,

while the modular AFOs, defined as AFO B, C and

D, have 35, 37 and 38 EU foot size. For every modu-

lar AFO, the rods (thickness ¼ 6mm) are made of

carbon fiber reinforced polymer (CFRP). The foot

and the calf part of the AFOs were realized in

Polyamide 12 (PA 12). The full shell AFO, instead, is

completely realized in PA 12. Since this polymer

owns complex visco-elasto-plastic properties, the vir-

tual implementation was realized through a parallel

rheological framework (PRF) model in the FE soft-

ware Abaqus: the framework is based on the super-

position of viscoelastic and elastoplastic networks in

parallel, so to have an additive total stress response.

Figure 1. Virtual representation of the full shell (A) and the modular 3 D printed AFOs (B): 1. foot part; 2. rods; 3. calf part.
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In particular, the framework is intended for polymers

and elastomeric materials which exhibit a nonlinear

viscous behavior, implying hysteresis effects and

undergoing large deformations (Hurtado et al. 2013;

Lapczyk and Hurtado 2014), which makes it suitable

for PA 12. The nonlinear viscous effects were mod-

eled using the power law model formulation, while

the plasticity was expressed with the stress values at

the corresponding plastic strain (Tables 1 and 2). The

elastic response was specified using hyperelastic neo-

hookean material coefficients (Table 3). All the

parameters were derived from experimental tests car-

ried out on samples of the material (Lammens et al.

2017) and they are suitable for describing the behav-

ior of PA 12 during a static analysis. The material

properties of the CFRP rods were also obtained

experimentally (Table 4).

The loads and boundary conditions used in the FE

models correspond to a dedicated experimental setup

(Figure 2 A and B) specifically designed for the evalu-

ation of the ankle stiffness of AFOs during the second

rocker of the gait (Ielapi et al. 2018). The fixation of

the AFOs in the device is via a custom made clamp-

ing system which makes use of medium density fiber-

board (MDF) replica blocks of the patients’ leg, which

contain anatomical landmarks for allowing the align-

ment of the test rig axis with the anatomical ankle

axis. The loads applied to the FE models are the

dorsiflexion and the plantarflexion, respectively

defined as the movement of the AFO calf towards the

foot section in the sagittal plane and the reverse

movement. The ranges of motion for each AFO are

derived from the gait assessment of the patients when

they walked with their AFO (Table 5).

The rotation is applied around a point identified as

the virtual ankle joint, which is the midpoint of the

anatomical lateral and medial ankle malleoli, recorded

during the gait assessment of the patient. Knowing

the location of the virtual ankle joint, allows calcula-

tion of the moments acting on the device during the

rotation. In this way it is possible to define the AFO

stiffness, which is the moment around the ankle joint

exerted by the AFO per degree of ankle joint rotation

(Bregman et al. 2009). The evaluation of the AFO

ankle stiffness is performed using four values, corre-

sponding to the four zones of the angle vs torque

graph: Plantarflexion Loading (PL), Plantarflexion

Unloading (PU), Dorsiflexion Loading (DL) and

Dorsiflexion Unloading (DU). For each of these

zones, the stiffness value is quantified as the slope of

the angle vs torque curve in the specific quadrant.

Concerning the boundary conditions, depending

on the height of the MDF blocks employed, the AFO

foot region is kept fixed in all the directions using an

encastre constraint, thus to represent the AFO behav-

ior during the second rocker of the gait. The internal

surface of the modular calf part or the upper part of

the full shell design is constrained to follow the move-

ment of a reference point by a kinematic coupling,

which induces the deformation of the device and rep-

resents the connection of the AFO to the leg of the

patient. This point is derived from the anatomical

landmarks of the patients’ knee and is positioned in

correspondence to the AFOs straps in order to be

aligned with the shank axis (Figure 2B). The calf ref-

erence point and the virtual ankle joint are then

linked by a “SlotþRevolute” connector which allows

the calf point to slide up and down along and to

rotate around the shank axis with respect to the vir-

tual ankle joint, mimicking the AFO behavior in the

test rig, where the motor induces the movement of

the U-shaped frame around the ankle rotation axis of

the setup.

As stated above, the PRF model is able to repro-

duce the hysteresis effects of the material given by the

loading-unloading of the devices during plantarflexion

and dorsiflexion, which contribute to part of the total

hysteresis. In fact, there is another contribution to the

energy dissipation induced by the interaction of the

AFO with the test rig (i.e. the contact between the

MDF blocks and the AFO) and between the compo-

nents of the test rig itself. Mimicking these factors in

Table 1. Nonlinear viscoelastic parameters for PA 12, where
the stiffness ratio determines the contribution of each net-
work and the parameters q0, n, m, a, and _e0 are introduced
for defining the creep behavior

Network Stiffness ratio q0 [N/m
2] n m a e

.
0 [1/s]

1 0.162 2.52Eþ 09 1.081 #0.026 0 1
2 0.184 29.236 3 #0.012 0 1

Table 2. Plastic parameters for PA 12

Plastic stress [MPa] Plastic strain

17.644 0.0
34.096 0.005
1.0 0.150

Table 3. Hyperelastic parameters for PA 12

C10[MPa] D1[1/MPa]

395.986 6.335 e-4

Table 4. Parameter for the carbon fiber reinforced polymer
(CFRP) rods

E1 [GPa] E2 [GPa] E3 [GPa] m12 m13 m23 G12 [GPa] G13 [GPa] G23 [GPa]

95 8 8 0.35 0.35 0.35 2 2 3
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a standardized manner is possible by specifying a fric-

tion coefficient for the connector along the sliding

direction of the shank axis. Furthermore, by specify-

ing a damping coefficient for the connector allows

representation of the forces resulting from the AFO

straps around the calf part. This represents an artifi-

cial parameter used to describe the AFO conditions

when the angular deflection is equal to zero. The val-

ues of the friction and damping coefficients, 0.3 and

30N/mm/s respectively, are the same for each AFO,

in order to obtain a predictive and standardized FE

framework applicable to each patient-specific AFO

tested in the experimental setup.

Because of the available equipment, the experimen-

tal results were recorded with a sampling rate of 10Hz

at a velocity of 1 degree/s and then filtered with a 4th

order low pass Butterworth filter with a cut-off fre-

quency at 0.2Hz. The FE analysis was performed using

Abaqus/Standard 2017. The outcomes in terms of

moments and rotational angles are then used to calcu-

late the ankle stiffness of each patient-specific AFO

and compared with the experimental results.

3. Results

In this section the experimental and computational

results are reported.

Figure 3 depicts an overall good correlation for all

the tested AFOs. All the curves show the presence of

hysteresis and nonlinearities in the unloading phases.

It is also visible that all the devices behave differently

in dorsiflexion and plantarflexion. This is confirmed

by analyzing the ankle stiffness values for each quad-

rant of the graph, summarized in Table 6.

In Table 7, the absolute and relative errors are

reported. These values confirm the overall good agree-

ment noticed in Figure 3; in plantarflexion, the max-

imum error is reached by the AFO C (8.45%) and D

(10.66%), while in dorsiflexion by the AFO A (10.14%)

and C (10.38%), respectively in loading and unloading.

Figure 4 shows the von Mises stress distribution

for the AFOs during dorsiflexion and plantarflexion.

The full shell AFO is characterized by intermediate

stress concentrations around the trimlines, while for

the modular AFOs, the stress concentrations occur

around the blocks on the foot part. In dorsiflexion,

the highest values of stress are reached by the AFO C

(47.35MPa) and D (46.57MPa), while, in plantarflex-

ion by the AFO B (48.33MPa). Concerning the CFRP

rods, the study of the stress in the fiber direction

showed lower values than the parts in PA 12. In gen-

eral, the values shown by AFO B, C and D are higher

than the ultimate strength value (equal to

34.096MPa) indicated for PA 12 in Table 2, which

might lead to the failure of the devices in the reality

(Deckers et al. 2018).

4. Discussion

This study presents a novel dedicated framework,

combining experimental and numerical methods, to

Figure 2. A and B: Overview of the experimental setup for testing the 3D printed AFOs: 1. External frame; 2. AFO; 3. Linear
Motor; 4. Ankle rotation axis; 5. Closer view of the clamped AFO; 6. U-shaped frame; 7. Shank axis.

Table 5. AFO’s ranges of motion

AFO Plantarflexion [$] Dorsiflexion [$]

A #2 3
B #6 3
C #5 5
D #8 8

Plantarflexion is indicated with negative angles and dorsiflexion with
positive angles.
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evaluate the ankle stiffness and the stress distribution

of AFOs during the second rocker of the gait, through

the use of an advanced material model for the PA 12,

which was never used in the past for these devices.

The rationale behind this is to further create a scien-

tifically robust method to design and manufacture

AFOs with specific mechanical properties in a reliable

and repetitive way. To date, most AFOs are still

crafted manually (International Committee of the Red

Cross 2006; Mavroidis et al. 2011). By using 3D

printing technology, it would be easier to prevent the

systematic errors and guarantee shape and functional

characteristics that were initially established in the

original CAD models of the AFOs (Schrank and

Stanhope 2011).

The experimental results described above focus on

the evaluation of the stiffness around an axis aligned

to the anatomical ankle joint over a patient-specific

range of motion in dorsiflexion and plantarflexion,

chosen according to the data coming from the gait

Figure 3. Comparison between the experimental (exp) and computational (comp) stiffness curves for the four AFOs during
Plantarflexion Loading (PL), Plantarflexion Unloading (PU), Dorsiflexion Loading (DL) and Dorsiflexion Unloading (DU). The ranges
of motion used for each AFO are contained in Table 5.

Table 6. Comparison between experimental and computational ankle stiffness results of the four AFOs during Plantarflexion
Loading (PL), Plantarflexion Unloading (PU), Dorsiflexion Loading (DL) and Dorsiflexion Unloading (DU). The ranges of motion
used for each AFO are contained in Table 5

PL PU DL DU

AFO Exp. [Nm/$] Comp. [Nm/$] Exp. [Nm/$] Comp. [Nm/$] Exp. [Nm/$] Comp. [Nm/$] Exp. [Nm/$] Comp. [Nm/$]

A 4.00 4.13 4.00 3.92 3.23 3.56 3.48 3.27
B 3.42 3.40 3.08 3.34 3.15 3.21 2.97 3.28
C 3.94 3.60 3.69 3.68 3.21 3.42 3.01 3.32
D 2.69 2.62 2.42 2.68 2.64 2.50 2.41 2.38

Table 7. Absolute and relative errors for the AFOs ankle stiffness of the four patients during Plantarflexion Loading (PL),
Plantarflexion Unloading (PU), Dorsiflexion Loading (DL) and Dorsiflexion Unloading (DU). The ranges of motion used for each
AFO are contained in Table 5

AFO

PL PU DL DU

Abs. Err [Nm/$] Rel. Err. [%] Abs. Err [Nm/$] Rel. Err. [%] Abs. Err [Nm/$] Rel. Err. [%] Abs. Err [Nm/$] Rel. Err. [%]

A 0.13 3.14 0.08 2.04 0.33 10.14 0.21 6.14
B 0.02 0.61 0.26 8.58 0.07 2.11 0.31 10.30
C 0.33 8.45 0.01 0.36 0.21 6.61 0.31 10.38
D 0.10 2.31 0.26 10.66 0.14 5.42 0.03 1.33

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 5



analysis in order to ensure the best approximation of

the AFO stiffness felt by the patient during gait. The

developed modelling strategy gives a fast indication of

the AFO ankle stiffness and stress distribution.

Dedicated algorithms were developed in pyFormex to

convert STL files describing the AFO geometry and

used for 3D printing into high quality finite element

models. Solving the numerical problem with Abaqus

required 30minutes on average. The models show

overall good agreement with the experimental data

(Figure 3). Four different ankle stiffness values are

considered for each quadrant of the angle vs. torque

curve, as most of the patient-specific AFOs show a

different behavior in plantarflexion compared to

dorsiflexion due to their shape (Table 6). The magni-

tude of these stiffness values is in line with that used

in other research studies for investigating 3D printed

AFOs (Schrank et al. 2013; Choi et al. 2017). AFO A

seems to be the stiffest in plantarflexion whereas in

dorsiflexion, AFO A, B and C have similar values.

AFO D is the most flexible AFO in both dorsiflexion

and plantarflexion. The visual agreement is confirmed

by the data contained in Table 7, which show the

ability of the FE models to predict their mechanical

behavior. This was achievable through the utilization

of an advanced material model for the PA 12 in com-

bination with the boundary conditions of the experi-

mental setup, mimicking as closely as possible the

behavior of the 3D printed AFOs. All the stiffness

plots showed the presence of hysteresis: the hysteresis

area represents the dissipated energy as heat during

the deformation (loading) and the recovery phases

(unloading). This is dependent upon the strain rate

employed to deform the devices (€OZkaya and Nordin

1999) constructed from PA-12, which has visco-

elasto-plastic properties (Lammens et al. 2017), and

by the friction present between the AFO and the test

rig and between the components of the test rig itself.

For this reason both friction and damping coefficients

were used. As the focus of the current study was to

derive the ankle stiffness values, friction was not cal-

culated experimentally but chosen by curve fitting.

The damping coefficient instead is an artificial param-

eter, which has no testing equivalent, used to repre-

sents the AFO conditions when the angular deflection

is equal to zero. By using one friction and damping

coefficient for all the AFOs allow standardization of

the computational framework, where the prediction is

only depending on the shape and geometry of the

patient-specific devices. The presence of hysteresis

due to friction and the nonlinear behavior of the

devices affects most of the stiffness values in the

unloading phases (see Figure 3), which might cause

underestimations of the calculated stiffness values.

In Figure 4 the von Mises stress distribution for

the four AFOs is depicted. For the AFO A, which has

a full shell design, the highest stresses are concen-

trated around the trimlines, while for the modular

Figure 4. Von Mises stress distribution on the AFO A, B, C and D at the maximal dorsiflexion and plantarflexion.
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AFOs, the highest stresses are concentrated around

the blocks on the foot part that are connected to the

CFRP rods. Since this is a preliminary analysis, fur-

ther tests are needed to confirm if these stress values

will cause the failure of the devices (Deckers et al.

2018). For evaluating the stress on the rods made in

CFRP, which is stiffer (Table 4) and has a failure

stress higher than PA 12 (Lammens 2015), the stress

in the fiber direction was studied. This showed stress

values lower than the parts in PA 12. Deckers et al.

showed that failure might occur if inaccurate cutting

and grinding of the rods is applied, which can alter

their behavior.

The FE analysis performed in this study takes into

account only one loading cycle for each patient-spe-

cific AFO. The material model, in fact, is able to

mimic the behavior of the devices during a static ana-

lysis, but it is not designed to predict the response of

the devices during fatigue. In order to further

enhance the accuracy of the model (i.e. the nonlinear-

ities during unloading), the straps used to fix the

patient leg on the AFO or the MDF blocks could

have been modeled; this would increase the complex-

ity of the model (i.e. material model for the straps,

contact properties between AFO and blocks etc.) and

decrease the (time) efficiency. In addition, the use of

dynamic friction and damping coefficients would

decrease the percentage errors but, at the same time,

make the framework less predictive and standardized

if one would calibrate these values for each AFO indi-

vidually. Because of the available instrumentation

within the setup, it was only possible to perform tests

at a speed of 1$/s; in the future, the use of a new

equipment will allow the comparison for speed values

close to those seen during gait.

In conclusion we can say that the use of advanced

computer modelling algorithms together with 3D

printing techniques is a strong combination acting to

improve the manufacturing process of the AFOs and

represents a big step for the future prediction of the

AFOs behavior in case of pathological conditions.
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