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ABSTRACT: Biomechanics is the scientific domain which deals with the study of biological 

systems, such as the human body, using physical concepts and mechanical engineering 

methodologies. It allows the development of new medical devices and provides a quantitative 

analysis of the subject being studied. In the present work, the effect of an ankle foot orthosis 

(AFO) was studied on a healthy male subject. For this purpose, a biomechanical multibody 2D-

model was developed in code MOBILE. The model was made of 9 rigid bodies connected by 9 

frictionless hinged joints. Three additional degrees-of- freedom (DOFs) were added so the 

model can move freely in the plane. Kinematic data acquired in a gait lab were used as time 

functions to drive the joints and a foot model was designed based on three Hunt-Crossley’s 

spheres-plane contact model. The measured ankle kinematics was successfully reproduced 

using forward dynamics principles, for the stance phase period. In a first approach, barefoot 

kinematics was reproduced to define the foot model properties by adjusting manually the foot 

parameters and fitting the ankle angle. The ankle moment obtained in the gait lab was used to 

power the ankle joint. Then, the ankle-foot orthosis was added as a linear torsional spring 

element acting at the ankle joint and the moment powering the ankle joint was diminished. A 

manual optimization process was performed in order to fit the ankle ankle and it was concluded 

that the AFO reduces the muscle moment developed at the ankle in 15% and it can be simulated 

as a spring with k = 50 N.m/rad. 

1 INTRODUCTION  

Biomechanics of the human 

musculoskeletal system is an 

interdisciplinary field with many 

applications in the physical and biological 

study of the human movement [1]. In this 

context, a number of pathologies due to 

neurological, vascular or orthopedic 

disorders affects the ankle motion causing 

an abnormal gait. Frequently, these 

disorders lead to lack of control of the 

lower limbs, and a necessity for lowering 

the pressure on the feet or need for support 

[2]. In particular, a large number of patients 

suffers from dropfoot which is a 

neuromuscular disorder characterized by a 

steppage gait that affects the patient’s 

ability to raise their foot at the ankle, and is 

further characterized by an excessive and 

uncontrolled plantarflexion, an inability to 

point the toes towards the body 

(dorsiflexion) or move the foot at the ankle 

inwards or outwards. The dropfoot motion 

leads to toe dragging during the swing 

phase of the gait cycle and results in pain 
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and weakness. Moreover, numbness may 

accompany loss of function [3, 4]. A 

suitable solution for these patients is to be 

fitted with an AFO, a brace or a splint to 

provide stability to the ankle-foot complex, 

restore normal motion or to constrain and 

inhibit abnormal motion [3, 4]. AFOs can 

be used to improve the base of support of 

patients with balance perturbation but they 

also improve ankle kinematics during 

stance phase, increase step and stride 

length, decrease cadence and energy costs 

in walking, while improving walking, 

running and jumping skills [5-7]. 

Despite the great variety of published work 

on modeling the normal and the 

pathological gait, regarding muscle 

activation [8] and trying to understand pain 

[9], the characterization of the mechanical 

properties of AFOs [10-13] and their effect 

on the pathological gait [5, 14, 15], there 

are only a few articles about modeling the 

human gait with an AFO and the effect of 

this medical device on the human gait. 

Normally, a 2D-multibody system is 

developed in the sagittal plane and the 

joints are either rheonomic or scleronomic 

according to the authors’ objectives [2, 12, 

16, 17]. However, there is a remarkable 

lack of knowledge on how AFOs affect the 

muscular moments [18]. 

2 BIOMECHANICAL MODEL 

In this research work, a biomechanical 

multibody model of the human body was 

developed using the object oriented 

multibody simulation library MOBILE 

[19]. The model (see Fig. 1) is confined to 

the sagittal plane, since during the gait 

cycle, the greater range of motion occurs in 

this plane [2]. It consists of a pair of legs, 

each one made up of 4 rigid links (thigh, 

shank, foot and toes) and an additional 

body to represent the head, arms and trunk 

(HAT) inertia properties. The bodies are 

constrained by ideal revolute joints 

simulating the hip, knee, ankle and 

metatarsal articulations (angles   
 ,    

 , 

   
  and    

  for the right leg and   
 ,    

 , 

   
 and    

  for the left leg), as well as the 

bending of HAT with respect to the pelvis 

(angle   ). Three additional DOFs were 

added at the pelvis, such the model can 

move freely in the plane (two translations 

  ,    and one rotation   ). Thus, the 

model has a total of 12 DOFs. It is prepared 

for gait analysis and kinematic 

measurements can be used to drive the 

joints with time functions. 

 
Fig. 1 Graphical representation of the two-

dimensional multibody model. 

Link lengths were obtained from biometric 

data and masses, location of the centers of 

mass and moments of inertia were 

calculated using the Winter’s coefficients 

table [1] (Table 1). 

Table 1 Properties of the rigid links 

Rigid link 
Length 

(mm) 

Location of 

the center 

of mass* 

(mm) 

Mass 

(kg) 

Moment of 

inertia in the 

plane (kg/m2)  

HAT 

Right thigh 

Right shank 

Right foot** 

Right toes 

Left thigh 

Left shank 

Left foot** 

Left toes 

556.71 

416.79 

435.66 

141.00 

50.31 

409.72 

429.07 

141.00 

44.56 

348.50 

180.47 

188.64 

70.50 

21.78 

177.41 

214.54 

70.50 

22.28 

44.070 

6.500 

3.0225 

0.845 

0.0975 

6.500 

3.0225 

0.845 

0.0975 

3.36017 

0.11780 

0.05232 

0.00379 

0.00*** 

0.11384 

0.05075 

0.00379 

0.00*** 

* These distances are relative to the proximal extremity, i. 

e., the extremity that is closer to the human body center of 

mass. 

** This foot segment refers to the distance between the 

ankle and the metatarsal joints. 

*** The toes moments of inertia were set to zero because it 

is a small segment with a very small mass. 
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3 DATA ACQUISITION 

Kinematic data were acquired from a 

healthy male subject with 65 kg of weight 

and 1.82 m height. The non-pathological 

movement was acquired by a VICON® MX 

13 motion capture system with seven 

cameras, 2 force plates (AMTI® OR6-7-

2000), and 2 camera recorders. The 

sampling rate was 100 Hz and the 

measurements were performed with the 

subject barefoot and using AFOs on both 

feet. 

4 FOOT MODEL 

Since the early beginnings of forward 

dynamics human gait simulations, foot 

models have been a major concern for 

biomechanical engineers. The contact force 

computation is usually computationally 

heavy and a simple, yet accurate, foot 

contact model is very desirable [20].  

4.1 EXISTING MODELS  

Several foot models using different 

geometries and contact and friction 

properties have been employed. The most 

representative are described below. 

Millard et al. (2008) proposed two simple 

contact models based on sphere-plane 

contacts [20]. The first model consists of 

only one rigid body with two spheres at the 

heel and the metatarsal joint. The second 

one is composed of two rigid bodies 

connected by a revolute joint with a 

torsional spring-damper system 

representing the metatarsal articulation. The 

supplementary body was added to improve 

the normal ground force profile and has a 

sphere at the toe tip. During simulations, 

normal forces were computed using the 

Hunt-Crossley point contact model [21]. 

Friction forces were initially computed 

using a Coulomb friction model which was 

replaced by a bristle friction model [20]. 

Moreira et al. (2009) presented a 3D-foot 

contact model made of two rigid segments, 

connected by a revolute joint with a 

torsional spring-damper system [22]. The 

model included a total of 9 spheres (6 at the 

plantar surface and 3 at the toes). The 

normal forces were computed using the 

Hunt-Crossley model and the friction model 

included the standard Coulomb friction and 

a viscous friction component. This model 

showed promising dynamics results and 

proved to be appropriate for simulation 

purposes. 

As most of the foot-contact models are 

based on sphere-plane approaches, lately, 

Kecskeméthy (2011) presented an 

alternative [23]. This model is made of two 

bodies connected by a revolute joint with a 

spring-damper element and used two 

cylinder-plane contact elements for the 

forefoot and the heel contact. Normal forces 

are computed using the Hunt-Crossley 

model and the tangential forces (sticking 

and sliding) were computed using the 

Coulomb’s law of friction. 

3.2 CONTACT MODEL EMPLOYED AND 

FORCES COMPUTATION 

The contact model developed in the present 

work uses a set of three sphere-plane 

interactions similar to Millard’s model. The 

contact model used between the feet and the 

floor is the Hunt-Crossley’s contact model 

with a sphere-plane geometry (see Fig. 2) 

[21]. A spring-damper was added at the 

metatarsal joints in order to provide more 

adaptability to the feet. In this way, the feet 

have a greater freedom of movement than 

when they were guided by time-functions 

and simulations showed the model was 

more stable. 

 
Fig. 2 Foot geometry with identification of the 

spheres position used in the contact model 

The foot geometry was created based on the 

markers position used during the data 

acquisition in the gait lab. The radius of 

each sphere was defined as the minimum 
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height reached by the corresponding marker 

during the measurements. 

The model computes the normal forces (  ) 

using the well-known Hunt and Crossley 

contact model [21], and the tangential 

friction sticking forces (     ) were 

computed by adapting the Hunt-Crossley 

mode. The transition from sticking to 

sliding is characterized a vanishing friction 

saturation     (Eq. 1), where the term     

represents the coefficient of sticking 

friction. The sliding friction formula (     ), 

were computed according to equations (2) 

where     represents the coefficient of static 

friction. 

          -|     | (1) 

             (2) 

4 SIMULATION PROCEDURE 

The main goal of this research work was to 

reproduce, by forward dynamics, the ankle 

motion during stance phase with and 

without AFO, in order to define the 

orthoses properties. The simulation was 

first performed for the barefoot condition to 

test the foot model and determine the 

contact properties. 

In this approach, the pelvis pose,   ,    and 

  , both metatarsal joint angles    
  and 

   
 , and the ankle joint angle of the stance 

foot    
  are set as scleronomic variables 

(i.e., treated as generalized coordinates 

moving under the effect of forces according 

to the equations of motion) while all other 

variables are driven with time functions 

obtained in the gait lab. Furthermore, a 

spring-damper system is applied to the 

metatarsal joints (with angles    
  and 

   
 ) and the ankle joint of the stance foot 

(   
 ) is powered by the ankle moment 

obtained in the gait lab. Thus, the problem 

corresponds to a multibody system with six 

degrees of freedom (  ,   ,   ,    
 ,    

  

and    
 ) subject to six rheonomic 

constraints (  
 ,    

 ,   
 ,    

 ,    
  and 

  ). 

 

4.1 BAREFOOT SITUATION 

Contact parameters, as well as metatarsal 

spring-damper properties were manually 

tuned in order to fit the ankle angle 

obtained in the gait lab. Fig. 3 shows the 

right ankle angle plotted against time for (a) 

a barefoot measured gait (blue dotted line) 

and (b) a forward dynamics simulation of 

the gait (red continuous line) using the set 

of parameters presented in Table 2 and 3. 

Despite the good correlation between the 

two curves, there is a discrepancy in the 

first 0.05s which represents the time that the 

simulation takes to stabilize after heel strike 

(HS). This discrepancy is due to the high 

forces developed at HS. From this instant 

on, the plot coincide during most of the 

stance phase. During pre-swing (starting at 

t=0.5s), a small offset is noticed and toe off 

(TO) is reached 0.04s sooner and with and 

an angle 2.3 degrees small than the 

measured gait which can be explained by 

the simplicity of the foot model, mainly in 

the forefoot area. 

 
Fig. 3 Ankle kinematics (a) measured (blue dotted 

line) and (b) obtained by forward dynamics (red line). 

Results refer to the barefoot trial. 

Table 2 Contact parameters of the foot 

Contact parameters 
Heel 

sphere 

Metatarsal and 

toe tip spheres 

Normal stiffness cN (N.m-1.5) 

Tangential stiffness cT (N.m-1.5) 
Normal coef. of restitution eN 

Tangential coef. of restitution eT 

Exponent in the force-deflection 
function 

Static/sticking friction coef. μst 

Dynamic/static friction coef. μsl 

6.5x105 

6.5x105 
0.4 

0.01 

 
1.5 

0.5 

0.4 

1.0x109 

1.0 x109 
0.2 

0.1 

 
1.5 

0.9 

0.8 

Table 3 Metatarsal spring-damper system parameters  
Contact parameters Heel sphere 

Spring constant k 
Damper constant c 

22.5 N.m/rad 
0.0 N.s/m 
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4.2 ORTHOSES SITUATION 

In a second step, the set of parameters 

obtained in section 4.1 was used to compute 

the forward dynamics of the gait with 

AFOs. Hereby, the ankle moment was 

modified by a factor α which represents the 

percentage of muscular activation needed to 

maintain a normal gait using an AFO, 

comparing to the barefoot case. Moreover, 

an extra linear torsional spring with 

stiffness k was applied at the ankle 

simulating the AFO’s stiffness. 

The foot parameters (Table 2 and 3) were 

maintained since the contact properties are 

the same whether a patient is wearing an 

orthosis or not. 

Orthosis spring-damper properties and 

coefficient α were tuned for the best ankle 

angle fit which is represented by the red 

continuous line in Fig. 4. The 

corresponding set of parameters is 

presented in Table 4 and Fig. 5, which 

shows the moment applied at the stance 

ankle joint. 

 
Fig. 4 Ankle kinematics (a) measured (blue dotted 

line) and (b) obtained by forward dynamics (red line). 

Results refer to the trial with AFO. 

Again, the initial instants does not give a 

good approximation because of the HS 

impact and the simulation takes a little time 

(aprox. 0.1 s) to stabilize. Nevertheless, the 

remaining parts of the curve are very 

similar to the curve obtained in the 

measured gait, even until TO (t=0.63s). 

Table 4 Spring-damper system parameters of the 

AFO 
Contact parameters Heel sphere 

Spring constant k 

Damper constant c 

50.0 N.m/rad 

0.0 N.s/m 

 

Fig. 5 Moment applied at the ankle for the (a) 

barefoot simulation (blue dotted line) and (b) the 

simulation with AFO with α = 85% (red continuous 

line). 

Fig.5 presents the ankle moment applied at 

the ankle joint over time for (a) a barefoot 

measured gait (blue dotted line) and (b) a 

forward dynamics simulation with a spring 

simulating the AFO (red continuous line). It 

demonstrates that using orthoses in both 

feet, the muscle activation is only 85% of 

its value barefoot, thus demonstrating the 

support of the orthoses which is about 15% 

of the total moment developed at the ankle. 

5 CONCLUSIONS 

In the present work, a biomechanical model 

2D-model was developed in MOBILE. The 

model was created in the sagittal plane and 

is made by 9 rigid bodies constrained by 9 

frictionless revolute joints and has 3 

additional DOFs added at the hip. 

A simple contact model was developed in 

the foot-floor interface with three sphere-

plane contacts. The model is prepared to 

solve forward dynamics problems and the 

ankle kinematics obtained in the gait lab 

was positively reproduced, with and 

without orthosis. Thus, the model was 

validated and proved to be appropriate for 

this study, since it is efficient and simple to 

define. 

AFOs can be successfully computed as 

torsional springs acting on the ankle. 

Forward dynamics simulation proved that 

the spring constant is about k = 50 N.m/rad 

and that it reduces the muscle activation at 

the ankle in about 15% in a healthy subject. 



Ferreira, P., Flores, F.G., Flores, P., Siebler, M. and Kecskeméthy, A. 

ACKNOWLEDGEMENTS 

The support of the present work by the MIT 

Portugal Program as a research grant in the 

framework of the project MITPt/BS-

HHMS/0042/2008 is gratefully 

acknowledged. 

REFERENCES 

[1] Winter DA. Biomechanics and motor control 

of human movement. 4th ed. New Jersey, USA: 

John Wiley & Sons Inc.; 2009. 

[2] Silva P, Silva M, Martins J. Evaluation of 

the contact forces developed in the lower 

limb/orthosis interface for comfort design. 

Multibody System Dynamics. 2010;24:367-88. 

[3] Jamshidi N, Rostami M, Najarian S, Menhaj 

MB, Saadatnia M, Firooz S. Modelling of 

human walking to optimise the function of 

ankle-foot orthosis in Guillan-Barré patients 

with drop foot. Singapore Medical Journal. 

2009;50(4):412-7. 

[4] Chu TM. Biomechanics of ankle-foot 

orthoses: past, present, and future. Topics in 

Stroke Rehabilitation. 2001;7:19-28. 

[5] Brehm M-A, Harlaar J, Schwartz M. Effect 

of ankle-foot orthoses on walking efficiency and 

gait in children with cerebral palsy. Journal of 

Rehabilitation Medicine. 2008;40:529-34. 

[6] Chen C-L, Yeung K-T, Wang C-H, Chu H-

T, Yeh C-Y. Anterior ankle-foot orthosis effects 

on postural stability in hemiplegic patients. 

Archives of Physical Medicine and 

Rehabilitation. 1999;80:1587-92. 

[7] Harris GF, Smith PA, Marks RM. Foot and 

ankle motion analysis: clinical treatment and 

technology. Boca Raton, USA: CRC Press; 

2008. 

[8] Lamontagne A, Malouin F, Richards CL, 

Dumas F. Mechanisms of disturbed motor 

control in ankle weakness during gait after 

stroke. Gait & Posture. 2002;15:244-55. 

[9] Callaghan MJ, Baltzopoulos V. Gait analysis 

in patients with anterior knee pain. Clinical 

Biomechanics. 1994;9:79-84. 

[10] Yamamoto S, Ebina M, Iwasaki M, Kubo 

S, Kawai H, Hayashi T. Comparative study of 

mechanical characteristics of plastic AFOs. 

JPO: Journal of Prosthetics and Orthotics. 

1993;5:59/47-52/64. 

[11] Bregman DJJ, Rozumalski A, Koops D, de 

Groot V, Schwartz M, Harlaar J. A new method 

for evaluating ankle-foot orthosis 

characteristics: BRUCE. Gait & Posture. 

2009;30:144-9. 

[12] Crabtree CA, Higginson JS. Modeling 

neuromuscular effects of ankle foot orthoses 

(AFOs) in computer simulations of gait. Gait & 

Posture. 2009;29:65-70. 

[13] Lai H-J, Yu C-H, Kao H-C, Chen W-C, 

Chou C-W, Cheng C-K. Ankle-foot simulator 

development for testing ankle-foot orthoses. 

Medical Engineering & Physics. 2010;32:623-9. 

[14] Gordon KE, Sawicki GS, Ferris DP. 

Mechanical performance of artificial pneumatic 

muscles to power an ankle-foot orthosis. Journal 

of Biomechanics. 2006;39:1832-41. 

[15] Romkes J, Brunner R. Comparison of a 

dynamic and a hinged ankle-foot orthosis by 

gait analysis in patients with hemiplegic 

cerebral palsy. Gait & Posture. 2002;15:18-24. 

[16] Bregman DJJ, van der Krogt MM, de Groot 

V, Harlaar J, Wisse M, Collins SH. The effect 

of ankle foot orthosis stiffness on the energy 

cost of walking: a simulation study. Clinical 

Biomechanics (Bristol, Avon). 2011;26:955-61. 

[17] Jamshidi N, Rostami M, Najarian S, 

Menhaj MB, Saadatnia M, Farzad A. Gait 

modeling for assessment of ankle-foot orthosis.  

Biomedical Engineering Conference, 2008 

CIBEC 2008 Cairo International2008. p. 1-4. 

[18] Ferreira P. Development of a two-

dimensional biomechanical multibody model 

for the analysis of the human gait with an ankle-

foot orthosis. Guimarães, Portugal: 

Universidade do Minho, Portugal; 2012. 

[19] Kecskeméthy A. MOBILE1.3, user's guide. 

Duisburg, Germany: Ingenieurwissenschaften: 

Lehrstuhl für Mechanik und Robotik, 

Universität Duisburg-Essen; 1999. 

[20] Millard M, McPhee J, Kubica E. Multi-step 

forward dynamic gait simulation - multibody 

dynamics. In: Bottasso CL, editor.: Springer 

Netherlands; 2008. p. 25-43. 

[21] Hunt KH, Crossley FRE. Coefficient of 

restitution interpreted as damping in 

vibroimpact. Journal of Applied Mechanics. 

1975;42:440-5. 

[22] Moreira P, Silva M, Flores P. Ground foot 

interaction in human gait: modelling and 

simulation.  7th EUROMECH Solid Mechanics 

Conference. Lisbon, Portugal2009. 

[23] Kecskeméthy A. A novel cylinder-plane 

foot contact model for human gait motion 

reproduction.  ECCOMAS Multibody Dynamics 

2011. Brussels, Belgium2011. p. 1-5. 

 
 


