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Abstract 

In this thesis, a dynamic analysis simulation model for analysis of pressure distribution in the 
human/orthosis interface is presented. The software used to develop this simulation model was 
OpenSim, software for modeling, simulating, controlling, and analyzing the neuromusculoskeletal 
system, which uses Simbody as the multibody dynamics engine to perform simulations.  

Two distinct prototypes were developed: an articulated human leg and foot prototype and an 
articulated ankle-foot orthosis prototype. These two prototypes were defined as a multibody system, 
based on the multibody dynamic concepts and formulation of Simbody. The Elastic Foundation 
contact model was used to establish contact between both prototypes. Some degrees of freedom of 
the system were prescribed with kinematic and kinetic data, acquired in laboratory, ensuring that the 
resulting movement of the simulation corresponds to a non-pathological gait cycle.  

Finally, the resultant contact forces between both sub-systems were analyzed and discussed, and 
some limitations of the simulation model were presented and future directions suggested, in order 
continuing the development of the presented work. 

 
Keywords: simulation model, dynamic analysis, pressure distribution, OpenSim, Simbody, ankle-

foot orthosis, Elastic Foundation, non-pathological gait. 

 

I. Introduction 

 

Ankle foot orthoses (AFOs) are orthotic 

devices prescribed to support, re-align or 

redistribute pressure across a musculoskeletal 

system leading to a reduction in symptoms and 

increase on the patient’s quality of life and 

walking performance (Braddom and 

Buschbacher, 2000). Although much has been 

done in research of new materials and 

manufacturing techniques, almost no research 

has been done regarding the interface forces 

distribution in the human/orthosis interface.  

Motion control and comfort are the primary 

objectives in orthotics and one of the principal 

parameters to evaluate comfort is the interface 

forces developed on the human body/orthosis 

interface. The aim of this work is to develop a 

computational simulation model that calculates 

the contact forces between the lower limb/ankle-

foot orthosis interfaces, using experimental 

kinematic and kinetic data to prescribe a non-

pathological gait cycle movement.  

The software chosen to develop this 

simulation model was OpenSim, a software 

system that lets users develop models of 

musculoskeletal structures and create dynamic 

simulations of movement. OpenSim uses 

Simbody as its Application Programming 

Interface (API) to perform simulations of 

multibody systems. Simbody uses a multibody 

formulation that allows for systematic 

formulation and solution of the equations of 

motion of multibody systems. The formulation 

used by Simbody is the formulation  described by 

Jalón (García de Jalón and Bayo, 1994; da Silva, 

2003). This work was been developed under the 

scope of the FCT project DACHOR-Multibody 
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Dynamics and Control of Active Hybrid Orthoses 

(MIT-Pt/BS-HHMS/0042/2008).  

II. Methods 

A. 3D acquisition of human anatomy 

The lower limb model used in this work was 

acquired using a three-dimensional (3D) scanner 

technique. The points cloud produced by the 3D 

scanner was used directly in a CAD software for 

editing purposes (Ana Luisa, 2010). For the 

acquisition, a non contact 3D active scanner was 

used, provided by the Mechanics Department of 

Instituto Superior Técnico (IST) in Lisbon. After 

that, the points cloud was edited in order to 

eliminate disconnected points that could have 

been mistakenly introduced using SolidWorks 

CAD software (see Figure 1).  

B. Geometric modeling of the articulated 

Lower Limb and articulated Ankle-Foot 

Orthosis (AFO) prototypes 

After the 3D scanning, the acquired data was 

used for the development of the lower limb and 

AFO prototypes. SolidWorks CAD software was 

used to transform the points cloud into a mesh, 

as illustrated in Figure 1. After this, the 

articulated AFO was designed in SolidWorks, 

creating the lateral and plantar module of the 

orthosis (see Figure 2). 

 

 
Figure 1 - Development of the leg geometry from the points 

cloud, acquired by 3D scan, to the final mesh, created in 
SolidWorks. 

In order to maintain the orthotic device 

adjusted to the lower limb, other geometries 

were added to the AFO prototype, simulating the 

straps that usually incorporate the orthotic 

devices. Two straps were used, one adjusting the 

lateral module of the orthosis to the leg and 

another adjusting the plantar module to the foot. 

To create the articulated lower limb it was 

necessary to cut the prototype in two distinct 

parts, i.e., the foot and the leg, simulating the 

ankle joint. 

 

 
Figure 2 - Creation of the Ankle-Foot Orthosis prototype with 

SolidWorks CAD software. 

C. Geometry Visualization Files 

Rigid bodies defined in Simbody are 

represented only by a moving reference frame 

with mass properties associated (mass, center of 

mass and an inertia tensor), but no geometry 

attached. To create these visualization 

geometries, Paraview software was and the 3D 

meshes developed were used, being only 

necessary to convert the ‘.stl’ mesh files, from 

SolidWorks, to the ‘.vtp’ files, the extension files 

required by OpenSim to associate a geometry to 

a rigid body. 

D. Mass Properties 

The mass properties needed for the definition 

of a rigid body, within the OpenSim software are:  

mass of the body, center of mass and the inertia 

tensor.  

The calculations for the two distinct bodies of 

the lower limb (leg and foot) were based on the 

work of Winter (Winter 1991) and the subject’s 

total mass, and were calculated as follows: 

 

   

Foot Total

Leg Total

M  = 0.0145*M  = 0.0145*72Kg=1.044Kg

M  = 0.0465*M  = 0.0465*72Kg=3.348Kg
  (1)
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 For the AFO prototype, the lateral and plantar 

modules were weighed to obtain the individual 

masses. 

The center of mass and moments of inertia 

were defined with respect to the bodies’ local 

reference frame. The values for the center of 

mass and inertia were taken from SolidWorks and 

the necessary calculations were performed to 

make the correspondence between SolidWorks’ 

reference frame and OpenSim’s reference frame. 

 

E. Defining the Multibody System 

topology 

In Simbody, a multibody system is 

represented as a multibody tree of 

interconnected bodies, where the Ground body, 

which is always present for every simulation 

model, represents the root. The bodies are 

connected to a parent body only, through a 

mobilizer that provides mobility between this and 

the parent body. Within the mobilizers available 

and their degrees of freedom (DOF), the topology 

of the multibody system, composed of the lower 

limb and AFO prototypes, was defined. Table 1 

illustrates the types of mobilizers used between 

the different bodies of the multibody system.  

Table 1 - Bodies and mobilizers used to connect these 
to their parent bodies. 

Body Mobilizer 
Parent 
Body 

Leg Free (6 DOF) Ground 

Foot Torsion (1 DOF) Leg 

Lateral 
Module 

Free (6 DOF) Ground 

Plantar 
Module 

Torsion (1 DOF) 
Lateral 
Module 

Leg Strap Weld (0 DOF) 
Lateral 
Module 

Foot Strap Weld (0 DOF) 
Plantar 
Module 

 

F. Contact Model 

The Elastic Foundation Model, one of the 

contact models available within Simbody, 

approximates the geometry of each surface with 

a triangular mesh and at the centroid of each 

triangle and for each surface, places a spring 

forming a “bed of springs” on the surface of each 

body that are used to generate forces during 

contact. If the springs are assumed to represent a 

uniform layer of elastic material over a rigid 

substrate, the stiffness is given by: 

 
(1 )

(1 )(1 2 )

p E
k

p p h




 
  (2) 

where E is the Young's modulus of the elastic 

layer, p is its Poisson's ratio, and h is its thickness. 

Since the meshes for all the bodies defined in 

the multibody system were already created in 

SolidWorks, the Elastic Foundation model proved 

to be the most consistent choice, in order to 

obtain results closer to reality and more accurate 

in terms of force values. In order to study the 

contact forces between the lower limb and the 

AFO it was necessary to define the pairs of 

contact between which the contact model would 

be established. The contact pairs defined were: 

foot and the plantar module of the orthosis; foot 

and the foot strap; leg and the lateral module of 

the orthosis; leg and the leg strap. 

 

G. Prescribed Motion and Ground Reaction 

Forces 

1. Experimental Kinematic Data Acquisition 

The experimental kinematic data was acquired 

in the Biomechanics Laboratory of Instituto 

superior Técnico. The acquisition of kinematic 

data was made by means of eight IR cameras – 

Qualisys ProReflex (QUALYSIS 2010) and the 

acquisition software used was Qualisys Track 

Manager (QTM) (QUALYSIS 2010). The total 

number of markers used was 14, distributed 

along the lower limbs (7 markers in each). In each 

limb two markers were placed around the knee, 
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on the medial and lateral side; two markers were 

placed on the ankle, one at the lateral side and 

another one on the medial side. One marker was 

placed on the heel, and the remaining two 

markers were placed on the II and V metatarsal 

head.  

In order to filter data and change from the 

QTM to OpenSim reference frame it was 

necessary to develop some routines in MatLab. 

The data was filtered with a 3rd order low pass 

digital Butterworth Filter with a cutoff frequency 

of 0.16Hz. 

 

2. Determining Joint Angles and Trajectories 

The joint angles definition used was based on 

Winter’s convention, as illustrated in Figure 3.  

 

Figure 3 - Definition of joint angles of lower limbs in sagittal 
plane (Winter 1991). 

For every mobilizer it is possible to prescribe 

the mobilizer’s degrees of freedom through a set 

of functions available within the OpenSim 

software. Hence, it was possible to prescribe the 

non-pathological gait movement acquired, to the 

lower limb sub-system.  

By default, the orientations in OpenSim are 

described using body-fixed X-Y-Z Euler angles and 

the translational coordinates are given about the 

body’s local reference frame. Therefore, it was 

necessary to develop some MatLab routines to 

transform the kinematic data into the values 

expected by OpenSim. For the kinematic data 

acquired, the rotational matrix for the leg’s 

orientation was calculated, for each time step, as 

follows: 

 
c c c s sθ

θ c s c s sθ c c s sθs  cθs

s s c c sθ c s  c sθs c cθ

R

   

    

   

 
 

          
 
           (3) 

 

Through 3 it was possible to deduce the Euler 

angles (Ψ, θ, σ) corresponding to the x, y and z 

orientations of the leg’s body. To calculate the 

translational coordinates on the body’s local 

reference frame, for each time step, the 

translational coordinates on the global reference 

frame, given by the experimental data, were 

multiplied by the correspondent inverse matrix of 

2 obtaining the x, y and z translations to prescribe 

the translational DOF of the leg’s body. 

Assuming that the ankle is stabilized by 

muscle strength, and that there is only rotation 

along the medial-lateral direction, the unique 

DOF allowed by the torsion mobilizer was 

prescribed using the ankle angles (θa) of Winter’s 

definition (see Figure 3). 

3.  Ground Reaction Forces 

The GRFs were acquired in the LBM with three 

AMTI-OR6-7 force platforms (508mm x 464mm). 

Since the data yielded by the force plates is given 

in voltage, it was necessary to use some MatLab 

routines in order to obtain the corresponding 

forces in Newton. Also, since the AMTI force 

plates use the action-oriented coordinate system, 

it was necessary to convert the data from this 

coordinate system to the reaction-oriented 

coordinate system (Kwon, 1998) and from this to 

Opensim’s coordinate system, in order to have 

the kinetics in agreement with the kinematic 

values calculated before. Again, some MatLab 

routines were developed to perform these 

calculations. The point of application of the 

ground reaction forces on the force plate, i.e., the  
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Figure 4 - Simulations kinematics obtained for the two distinct situations. Top: lower limb DOF prescribed with experimental 
kinematic data and GRF applied to the plantar module of the orthosis. Bottom: Orthosis joint prescribed with the same 
kinematic as for ankle joint in the first situation. GRF also applied to the orthosis’ plantar module. 
 

center of pressure (COP), was also calculated for 

OpenSim’s coordinate system. To remove 

residual noise, a 3rd order Butterworth filter was 

applied with a cut-off frequency of 20Hz.  

III. Results 

The biomechanical simulation model 

developed was used to simulate two distinct 

situations. First, all the DOF of the lower limb 

sub-system were prescribed letting the DOF of 

the orthosis sub-system free, simulating an 

approach to a passive orthosis and its response to 

a non-pathological gait movement. Second, 

instead of prescribing the ankle’s joint, the 

orthosis joint rotational angle was prescribed 

with the same rotational angles used before, and 

the ankle’s joint degree of freedom was left free, 

simulating the absence of muscle strength in the 

foot and its response to an active orthosis. 

Simulations were performed in a forward 

dynamic analysis perspective where some of the 

degrees of freedom of both sub-systems, 

depending on the situation, were prescribed. 

Figure 4 illustrates the kinematics obtained for 

both simulations. The observation of these two 

movements reveals that the kinematic is 

consistent with the normal gait movement (Perry, 

1992). The kinetic data used was the same for all 

the simulations and was always applied to the 

plantar module of the orthosis. Figure 5 

illustrates the GRF vector applied to the plantar 

module of the orthosis (Images were taken from 

OpenSim’s GUI). 

 
Figure 5 - Ground reaction forces represented as a single 

vector that combines, simultaneously, vertical, sagittal and 
coronal forces. 

OpenSim provides no information about the 

individual contact forces developed on each 

mesh polygon, allowing only knowing the 

resultant contact forces. In addition, OpenSim 

does not provide information about the 

application points for these resultant contact 

forces. This limitation of software represents a 

barrier in the analysis of the results obtained and 

the discussion of results will be based on the 

values for the resultant contact forces for each 

pair of contact established. Based on the values 

of Pain Pressure Thresholds (PPT) considered by 

Belda-Lois et al. (Belda-Lois, Poveda et al., 2008), 

and the area of each orthosis surface, some 

critical points of analysis in the lower limb were 
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determined (see Figure 6) and their approximate 

values for MFT established. These values 

correspond to the maximum load that each of the 

points may be subject, taking into account the 

areas of each element of the orthosis in contact 

with the lower limb. Table 2 illustrates the PPT 

and MFT values obtained for each defined point. 

 
Table 2 - Points of pressure sensibility in the lower limb 

prototype. 

Anatomical 

Point 

PPT 

[kPa] 

MFT 

[kN] 

Orthosis 

surface in 

contact 

P1 545.5 51.95 Strap 

P2 588.1 56.01 Strap 

P3 557.7 5.05 
Lateral 

Module 

P4 416.6 3.77 
Lateral 

Module 

P5 ≈281,7 ≈45.44 Strap 

P6 ≈281.7 ≈8.94 
Plantar 
Module 

P7 ≈281.7 ≈8.94 
Plantar 
Module 

 

Figure 7 shows the contact forces exerted by 

the lateral module of the orthosis on the leg for 

both simulations. The results show that contact 

occurs mostly during the stance period, i.e., 

approximately 60% of the gait cycle. For the 

swing period, since there are no forces applied to 

the orthosis neither to the lower limb and the 

orthosis is suspended on the lower limb during 

this phase, the contact forces are low and stable 

during the entire period. Analyzing the 

magnitude of the forces, it is possible to notice 

that the contact forces in the medial-lateral 

direction (z axis) are higher than the expected. 

These might be due to the application point of 

the GRF, to the 3D geometry of the models, or 

both simultaneously. If the application point of 

the GRF is too deviated from the medial axis of 

the plantar module of the orthosis the binary 

caused by these forces tend to rotate the orthosis 

causing high lateral contact forces between the 

lateral module of the orthosis and the lower limb, 

due to the absence of complacency of the 

orthosis. 

 
Figure 6 – Critical points for analysis of PPT defined for the 

lower limb prototype. 

Also, a mismatch between the geometry of 

the two sub-systems will mean that when 

prescribing the experimental kinematic data, the 

lower limb moves misaligning its rotation axis 

with the orthosis rotation axis. And due to the 

constraints imposed by the degrees of freedom 

of the ankle joint and the orthosis joint, the 

prototypes cannot accommodate to each other 

causing high contact forces between the 

geometries.  

To study these hypotheses, another 

simulation was performed where only kinematic 

data is prescribed to the model, in order to see if 

the magnitude of the forces remains high even 

without the prescription of GRF. If so, then the 

cause might be related to the model’s geometries 

misalign only. If not, then the application point of 

the GRF can be the cause of such high values.  

The results of this new simulation are 

illustrated in figure 8 and for both situations 

(passive and active orthosis), it can be seen that 

there was a decrease in the magnitude of the 

forces in the medial-lateral direction, as well as in 

the other directions, although there is still come 

oscillating movement.  
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Figure 7 – Contact forces between the leg and the lateral module of the orthosis (normalized by body mass). Top: results for 
the passive orthosis simulation; Bottom: results for the active orthosis simulation. 

 
Figure 8 - Contact forces between the leg and the lateral module of the orthosis (normalized by body mass). Left: results 

for the passive orthosis simulation with no kinetics prescribed; Right: results for the active orthosis simulation with no kinetics 

prescribed. 

 

Figure 9 illustrates the contact forces between 

the plantar module and the foot for the passive 

and active orthosis simulation. Looking to the 

graphic, it is possible to recognize the pattern of 

the GRF in the vertical direction, applied to the 

plantar module of the orthosis. In the progression 

direction (x axis) the interface forces are also due 

to the GRF components in this direction. In the 

medial-lateral direction, the oscillatory 

movement is almost nonexistent. During the 

swing phase there is no external loads applied 

and the orthosis is suspended on the lower limb 

which causes the small interface forces obtained 

during this period. Also for this pair of contact the 

results for the new simulation, where no GRF are 

prescribed, showed that no significant contact 

forces occur during the entire movement. 

Through the results obtained one may 

conclude that the application points of the GRF 

are causing high contact forces between the 

lateral module and the leg. This problem could be 

solved if the acquisition of experimental 

kinematic and kinetic data was performed by a 

subject using an orthosis instead of being 

barefoot, which would lead to the exact forces 

and centers of pressure, since these may differ 

from the ones recorded with a barefoot subject. 
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Figure 9 - Contact forces between the foot and the plantar module of the orthosis (normalized by body mass). Top: results for 
the passive orthosis simulation; Bottom: results for the active orthosis simulation. 

Straps functionality, in every orthotic device, 

is to adjust the device to the body preventing 

oscillating movements. This adjustment, often 

called pre-tightening represents a deformation in 

the skin tissue and in the strap, resulting in 

interface forces between both. Pre-tightening is 

an important parameter, responsible for 

preventing oscillating movement between the 

surfaces, which when occurs could lead to skin 

irritation and discomfort. If the pre-tightening is 

excessive it can also provoke high deformations 

of the skin tissue and consequently high interface 

forces that could lead to discomfort as well. 

For this model it was not possible to set a pre-

tightening because it would imply to overlap the 

meshes and, for the contact model established, 

this would be translated by contact forces of 

extremely elevated magnitude. Instead of the 

pre-tightening, it was made an adjustment 

between the straps and the lower limb meshes, 

as tight as possible. Although this, a small gap 

remained between the lower limb and both 

straps. Even if a pre-tightening was defined 

between the straps and the limb interface, there 

would still be oscillating movements between the 

orthosis and the lower limb, since the orthosis is 

also not completely adjusted to the leg. This issue 

is one of the major problems for no-customizable 

orthotic devices, and is one of the main reasons 

that lead to discomfort in most of AFOs design.  

Also for this model, the straps behave like 

rigid and undeformable bodies, although they are 

usually made of deformable materials. Therefore, 

this rigid behavior might also cause an increase 

on the interface forces magnitude results. 

Figure 10 illustrates the results obtained for 

the strap adjusting the orthosis to the leg in both 

situations (passive and active orthosis). Most 

relevant forces occur during the stance period, 

with a peak in the weight acceptance phase. The 

oscillatory movements in the vertical and medial-

lateral directions are caused by the relative 

movement between surfaces, which could be 

easily corrected if a better mesh adjustment 

could be made. During the swing phase there is 

no contact between the strap and the leg, due to 

the inexistence of the pre-tightening. For the 

active orthosis case, there is a higher oscillation 

movement between the orthosis and the leg 

during the swing phase, caused by the ankle joint 

instability and the inability of the ankle joint to 

keep the neutral position, tending to flex the 

foot. 

Figure 11 represents the contact forces for the 

foot strap. For the case passive orthosis 

simulation, the interface forces between the foot 

and the strap follows the pattern of the forces 

between the plantar module and the foot, 

although in negative direction.  

During the swing phase there were no 

interface forces between the straps and the 
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Figure 10 - Contact forces between the leg and the strap (normalized by body mass). Top: results for the passive orthosis 
simulation; Bottom: results for the active orthosis simulation. 

Figure 11 - Contact forces between the foot and the strap (normalized by body mass). Top: results for the passive orthosis 

simulation; Bottom: results for the active orthosis simulation. 

 

lower limb, also due to the lack of pre-

tightening. 

For the active orthosis, there is a peak 

coincident with the Pre-swing phase probably 

caused by the ankle joint instability, suggesting 

that the kinematic prescribed to the orthosis joint 

might not be enough for the foot control during 

the gait movement although, in practice, the 

usage of shoes help the foot to accommodate the 

orthosis and also helps the orthosis to stabilize 

the foot movement. 

For both simulations the most significant 

contact forces occur during the weight 

acceptance/ onset of mid stance phase. For the 

plantar module and the foot strap, the most 

significant forces occur in the vertical axis and 

follow the GRF pattern due to the kinetic 

prescription of GRF applied to the plantar module 

of the orthosis. 

In terms of comfort/discomfort of the subject, 

the maximum force values obtained were 

compared to the MFT values of table 2. All 

contact forces developed are below the MFT 

values of the corresponding critical points (see 

Table 3). For the active orthosis, the contact 

forces developed were significantly higher. This is 

due to the fact that the work necessary for the 

orthosis to control the leg is higher than the work 

done by the leg to control the orthosis, since the 

orthosis modules are much lighter than the lower 

limb.  
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III. Conclusions  

The main objective of this work was to 

develop a simulation model to analyze the 

contact forces developed in the patient/orthotic 

device interface, prescribing experimental 

kinematic and kinetic data of a normal gait stride. 

Two distinct situations were analyzed in this 

work: simulation of a passive AFO that do not 

help in the movement of the limb and simulation 

of an active AFO, which assists the movement of 

the foot when its ability to perform flexion and 

dorsiflexion movements is reduced.  

The numerical results obtained showed that 

all the contact forces developed for both 

simulations were below the MFT values of the 

corresponding critical points set, meaning that 

this orthosis could be used comfortably, since the 

contact forces applied to the leg and foot would 

not exceed the comfort threshold forces 

established. 

Although none of the contact forces obtained 

in the results exceed the MFT limits, some high 

medial-lateral forces were developed between 

the lateral module of the orthosis and the leg, 

concluding that the points of application of the 

GRF in the plantar module of the orthosis were at 

the origin of these forces. This problem can be 

solved easily, by performing the acquisition of 

experimental kinematic and kinetic data with a 

subject using an orthosis instead of being 

barefoot, in order to obtain the correct force 

values and centers of pressure.  

Besides these lateral forces developed, there 

were also some interface forces resulting from 

the oscillating movement of the orthosis. These 

oscillation movements are the major reason for 

discomfort felt by the patients and could be 

removed if the proper adjustment of the orthosis 

and the lower limb could be made. The proper 

pre-tightening of the straps would help to 

stabilize the orthosis oscillating movements, 

although in reality these movements occur if the 

AFO could is not customizable to the shape of the 

lower limb of the patient. 

The obtained results show that the simulation 

model is sensitive to the mesh geometries of 

both 3D models and their anthropometric 

features. The model is also sensitive to the 

orthosis characteristics in terms of the general 

adjustment between the orthosis and the lower 

limb and also by the straps position and pre-

tightening. The contact forces developed are also 

influenced by the properties of the surfaces in 

contact.  

This simulation model has the advantage of 

easily change all these parameters, in order to 

study their influence on the contact forces 

developed between the prototypes interface. 
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