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Abstract—  

Background: A musculoskeletal model for the ankle complex is vital in order to 
enhance the understanding of neuro-mechanical control of ankle motions, diagnose ankle 
disorders and assess subsequent treatments. Motions at the human ankle and foot, 
however, are complex due to simultaneous movements at the two joints namely, the ankle 
joint and the subtalar joint. The musculoskeletal elements at the ankle complex, such as 
ligaments, muscles and tendons, have intricate arrangements and exhibit transient and 
nonlinear behaviour.  

Methods: This paper develops a musculoskeletal model of the ankle complex 
considering the biaxial ankle structure. The model provides estimates of overall 
mechanical characteristics (motion and moments) of ankle complex through 
consideration of forces applied along ligaments and muscle-tendon units. The dynamics 
of the ankle complex and its surrounding ligaments and muscle-tendon units is modelled 
and formulated into a state space model to facilitate simulations. A graphical user 
interface is also developed during this research in order to include the visual anatomical 
information by converting it to quantitative information on coordinates.  

Findings: Validation of the ankle model was carried out by comparing its outputs with 
those published in literature as well as with experimental data obtained from an existing 
parallel ankle rehabilitation robot.  

Interpretation: Qualitative agreement was observed between the model and measured 
data for both, the passive and active ankle motions during trials in terms of displacements 
and moments.   
 

Keywords—Ankle joint, musculoskeletal model, joint moments, parallel ankle 
robots.  

I. INTRODUCTION 

NDERSTANDING the mechanical properties of the human ankle musculoskeletal 
system is important for simulating human movements, in the study of multi-joint 
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mechanics, understanding neuro-mechanical control of human ankle, diagnosis and 
treatment of ankle disorders and assessment of subsequent treatments [1-3]. Ankle model 
can also provide important inputs during design and development of an ankle 
rehabilitation robot and assessment of various interaction control strategies implemented 
on the ankle robot [4, 5].   

A comprehensive literature survey revealed that a range of computational ankle models 
with varying levels of complexities have been developed. Simpler models mainly involve 
treatment of the foot and lower limb as rigid bodies while other complex models typically 
utilise finite element analysis to study stresses and strains in the soft tissues [6-8], and 
three-dimensional contacts  to describe the ankle kinematics [9]. While complex models 
are unsuitable for dynamic simulation, they also fail to provide forces along the ankle 
ligaments, which is important for the research on ankle joint rehabilitation.  

Kinematics of the ankle complex has been studied in the past [10, 11] and while some 
models describe its motion as purely rotational [12-15], others consider foot motions to 
be a consequence of rotations about two hinge/revolute joints (biaxial) in series [16, 17] 
[18-24]. Ankle complex kinematics have also been modelled using four-bar linkages and 
spatial parallel mechanisms [15, 25]. Parameter identification for a biaxial kinematic 
model for ankle joint has been investigated in an in vivo manner [23, 26]. However, in the 
present research, we have further extended this work and used it in the larger 
musculoskeletal ankle model. In order to study passive and active behaviour of ankle 
complex, its overall moment-displacement relationship had been studied [2, 27-34], 
however, active ankle behaviour in transverse and frontal planes has not been reported. 
While some models treated the bones as rigid bodies and ignored effects caused by 
deformation of soft tissues [9, 19, 20, 22], others applied computationally expensive 
finite element analysis on the bones and soft tissue in order to obtain the stress 
distribution across the articulating bone surfaces [7, 8, 35, 36]. Effects of ligaments on 
the ankle complex biomechanics had also been considered by treating them as tension 
only elastic elements [7-9, 37]. Most of these, however, include the influence of 
ligaments on passive joint stiffness as a lumped effect[19, 20]. Properties of muscles and 
tendons are also commonly included in such models by researchers [19, 20, 22]. There 
are few other instances [38, 39] wherein numerical models are used to assess muscle 
behaviours for their intended purpose. 

This study aims to develop a musculoskeletal model of the ankle complex to facilitate 
measurement of passive and active ankle complex motions and moments. The ankle 
musculoskeletal model has constituent biomechanical model of the ankle complex and 
viscoelastic models of ligaments and muscle-tendon units. Each of these constituent 
models is further discussed in detail in the following sections. According to authors’ best 
knowledge, ankle complex modelling (to estimate joint moments) in three anatomical 
axes and its validation has not been reported in literature.  

II. METHODS 

A. Musculoskeletal ankle modelling 

Kinematic model of the ankle complex 

The kinematics related to the biaxial ankle model can be devised using homogeneous 
transformation matrices. In order to transform a point expressed in frame B to its 
equivalent representation in frame A, the orientation and translation of frame B relative to 
frame A is considered. Use of homogeneous transformation matrix can be further 
expressed by (1), where ஺ܶ஻ א Թସൈସ (2) is the homogeneous transformation matrix. Here, ܴ஺஻ א Թଷൈଷ is the orthonormal matrix describing the orientation of frame B relating to 
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frame A, and ݐ஺஻ א Թଷ is the translation between origins of frame A&B (expressed in 
frame A). Similarly, ݔ஺ǡ ஻ݔ א Թଷ are the respective locations of points relative to the 
origins of frame A&B, expressed in frame A&B coordinates. These variables are also 
explained with the help of a diagram shown in Figure 1a. Inverse of a homogeneous 
transformation matrix exists and can be represented by (3). ቂݔ஺ͳ ቃ ൌ ஺ܶ஻ ቂݔ஻ͳ ቃ                                           (1) 

஺ܶ஻ ൌ ൤ ܴ஺஻ ஺஻Ͳଵൈଷݐ ͳ ൨                                    (2) 

஺ܶ஻ିଵ ൌ ஻ܶ஺ ൌ ൤ܴ஺஻் െܴ஺஻்ݐ஺஻Ͳଵൈଷ ͳ ൨                  (3)                                   

 
Figure 1: (a) Pictorial presentation of variables used in (1-3), (b) Additional degrees of freedom in the 16-parameter 

kinematic model compared to the 12-parameter model. 

Next, the ankle, subtalar and foot coordinate frames can be defined with respect to a 
fixed global frame. The subtalar frame was considered to be fixed on the talus but its 
orientation can change via rotation about the subtalar joint. On the other hand, the ankle 
frame was taken to be fixed on the tibia and is free to rotate about the ankle joint axis. 
Ankle frame (A) orientation with respect to the global coordinates can be obtained by 
consecutive rotations about the y and z axes of the global frame. Likewise, the subtalar 
frame (S) can be obtained by applying y and z rotations about the ankle frame. Three 
translations are also required to reposition individual frame’s origins at designated points 
in the global frame. A total of five parameters were therefore required to define each of 
the ankle and subtalar frames while the foot is at its neutral position.  

 
Apparently, the homogeneous transformation matrices for the ankle, subtalar and foot 

coordinate frames at the neutral foot position can be given by (4-6), where ܴ௭ and ܴ௬ are 
the rotational transformation matrices about the z and y axes respectively, and subscripts, ܽ, ݏ and ݂ related to the ankle, subtalar and foot coordinate frames. It is important to 
mention here that subscript ݅ refers the neutral foot position of a variable. ଴ܶ௔ǡ௜ ൌ ൤ܴ଴௔ǡ௜ ଴௔Ͳଵൈଷݐ ͳ ൨ ൌ ൤ܴ௭ǡ௔ܴ௬ǡ௔ ଴௔Ͳଵൈଷݐ ͳ ൨             (4)  

଴ܶ௦ǡ௜ ൌ ଴ܶ௔ǡ௜ ௔ܶ௦ǡ௜ ൌ ଴ܶ௔ǡ௜ ൤ܴ௔௦ǡ௜ ௔௦ǡ௜Ͳଵൈଷݐ ͳ ൨ ൌ ଴ܶ௔ǡ௜ ൤ܴ௭ǡ௦ܴ௬ǡ௦ ௔௦ǡ௜Ͳଵൈଷݐ ͳ ൨ ሺͷሻ 

଴ܶ௙ǡ௜ ൌ ൤ܴ଴௙ǡ௜ ଴௔Ͳଵൈଷݐ ͳ ൨ ൌ ൤ ଷܫ ଴௙ǡ௜Ͳଵൈଷݐ ͳ ൨                 (6)  

The final homogeneous transformation matrix associated with the foot frame can now 
be obtained as shown in (7). Here, ܴ௫ represents the transformation matrix for x-axis 
rotations.  ଴ܶ௙ ൌ ଴ܶ௔ǡ௜ ൤ܴ௫ǡ௔ ͲଷൈଵͲଵൈଷ ͳ ൨ ଴ܶ௔ǡ௜ିଵ ଴ܶ௦ǡ௜ ൤ ܴ௫ǡ௦ ͲଷൈଵͲଵൈଷ ͳ ൨ ଴ܶ௦ǡ௜ିଵ ଴ܶ௙ǡ௜ (7)  

The model formulated here has 16 parameters, whereby six parameters are required to 
define ଴ܶ௙ǡ௜ when the orientation of the neutral foot frame is arbitrary. On the other hand, 
the models proposed by [23, 40] use only 12 parameters meaning that the proposed 
model may not be the minimal realisation of the biaxial model. Nevertheless, two of the 
four additional parameters are the angular offsets needed at each revolute joint to nullify 
the ankle and subtalar joint displacements at the neutral foot orientation. The remaining 
two parameters on the other hand are for positions of the origins of the ankle and subtalar 
frame which can be varied along the corresponding revolute axis (as illustrated in Figure 
1b). Therefore, in the proposed model, there is an additional degree of freedom available 
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for locating each of these origins along their respective axes. The present model, with16 
parameters, is obviously an improvement from the previous models.  

 

B. Characterization of Musculoskeletal Elements of the Ankle Joint  

Viscoelastic Characterization of Ligaments: 

The medial and lateral ligaments are soft tissues connecting articulating bone segments 
and can be considered as linear viscoelastic materials. Force response of such materials 
for a step strain input is normally given by a relaxation function ܩሺݐሻ which can be 
further used to calculate the force response over an arbitrary strain history [41]. 

 
Figure 2: (a) Ankle ligament represented by spring-dashpot model, (b) Viscoelastic model of the muscle-tendon 

unit. 

This behaviour can also be emulated using a linear viscoelastic model represented by a 
linear arrangement of springs and dampers or dashpots. In order to illustrate the force-
relaxation behaviour of ligaments, a generalized Maxwell model for a step displacement ݔ is shown in the Figure 2a. Here elastic behaviour is modelled using a simple spring (k) 
whereas to model viscoelastic behaviour, an array of serial combination of springs and 
dashpots is considered.  

Amongst several other linear viscoelastic models, the model proposed by Funk et al. 
[41] for the quantification of viscoelasticity of ankle ligaments is more suitable for the 
present research owing to its simplicity. Without the loss of generality, a linear version of 
this model which is Maxwell’s model [42] can be used whereby three spring-dashpot 
units in parallel with another spring (k) are employed to model ligament characteristics. 
Further, to reduce model complexity in the present work, one pair of spring-dashpot unit 
in parallel to a spring element has been chosen to approximate the ligament behaviour 
resulting less than 10% mean error in the strain produced. Going back to the Funk’s 
model, ligament forces can be assumed having two components, a steady state force 
along spring element to account for the strain and the serial spring dashpot unit for the 
time dependent component of the ligament forces. The ligament force thus can be found 
by simply summing up these two force components (8). ܨ௟௜௚ ൌ ଴ሻݔ௘ሺܨ ൅ ௟௜௚ܨ ଵሻ                         (8)ݔௗሺܨ ൌ ݇଴ݔ଴ ൅ ሺ݇ଵݔଵ ൅ ܿଵݔሶଵௗ ሻ                   (9) ݔ଴ ൌ ଵ  ൅ݔ ଵௗǢݔ ଵௗݔ   ݎ݋   ൌ ଴  െݔ ሶଵௗ ൌݔ ଵ                  (10)ݔ ሶ଴ݔ െ ଵ௖భ  ଵሻ                          (11)ݔௗሺܨ

Here ݔ଴ is the deflection along single spring, whereas ݔଵ is the effective elongation 
produced in the spring-dashpot unit. The dashpot is assumed to be having a linear 
elongation (ݔଵௗ) with ܿଵ as its damping coefficient. Referring back to Funk’s model, the 
elastic response, which is further a linear function of strain, can be modelled as (12). ܨ௘ሺݔ଴ሻ ൌ ଵሺ݁஻ೣబಽబܣ െ ͳሻ                                (12) 

The spring function in the model (12) is a function of strain where ݔ଴ is the 
instantaneous displacement and ܮ଴ is the relaxed length of the subject ligament. 
Considering reduced relaxation function coefficient ܩሺݐሻ, this function can also be 
further improved as (13) making spring parameters as nonlinear functions of elongation.  ܨ௘ሺݔ଴ሻ ൌ ଵሺ݁஻ೣబಽబܣ ሻݐ௜ሺܩ െ ͳሻ                          (13)  

The dashpot function can also be modified in order to make time constants independent 
of strain. ܿ௜ሺݔሻ ൌ ݇௜Ǥ  ௜                                  (14)ݐ
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The above quasi-linear model was linearized by applying these equations at a reference 
displacement (10% strain level) and subsequently spring and dashpot functions (ܿ௜ǡ ݇௜) 
were obtained and used in (8-11). Apparently, the ligament force increases exponentially 
with the strain and at higher values, small increment in strain may result in very high 
force values which should be avoided looking to the fibre strength of ligaments. 
Therefore, in the present work, referring to the maximum failure load a muscle can take, 
we have capped the force value at a limiting value of 700N. Force and strain relation for 
the ligaments obtained from the linear visco-elastic model seem to be in agreement with 
their corresponding experimental findings (Figure 3a). 

Characterization of Muscle-tendon units: 

Muscles, by virtue of their fibrous structure, can generate forces and cause movements. 
Similarly, tendons are also made of fibers and behave as a link between bones and 
muscles to transfer the muscle force to the skeletal joints. While tendons can be modeled 
as passive elastic elements, muscles are difficult to model owing to their complex 
dynamics and force generating capacity. Nevertheless, for the present work we have used 
the existing Hill based model [19, 20, 43, 44] to model muscles. Tendons are modelled 
with non-linear springs and the muscles are assumed to be made up of two components 
i.e. an active contractile element (CE) and a passive element (PE) connected in parallel to 
CE. In order to represent passive muscle behaviour, PE consists of a nonlinear spring 
 as shown in Figure 2b. Line of action for the muscle force is (௉ாܥ) and a dashpot (௉ாܭ)
normally not aligned along the muscle and therefore a pennation angle ߠ is used for the 
angle between direction of force and muscle-tendon unit alignment.  

 
Force along the contractile element (ܨ஼ா) is a function of strain (ߝ) as well as strain rate 

 is an activation function of muscles which ܣ and can be typically given by (15). Here (ሶߝ)
has values between zero and unity and is a measure of the extent of muscle force realized. 
The maximum muscle force is denoted by ܨ୫ୟ୶ in the following formulations. The 
contractile force can also be termed as a function of force-length and force-velocity 
relations, where ௟݂ ൌ െ݇ߝ and  ௩݂ ൌ െܿߝሶ. ܨ஼ாሺܣǡ ǡߝ ሶሻߝ ൌ ሺܨܣ୫ୟ୶ሻ ௟݂ሺߝሻ ௩݂ሺߝሶሻ                   (15) 

Further, working with tendon and PEs, their force-length relationships is normally 
approximated extracting information from software packages such as PyODE and 
Opensim [45, 46]. In the present work, we have referred Opensim and developed ௟݂ and ௩݂ functions by considering various data points and developing cubic spline interpolation. 
These functions are illustrated in Figure 3c, wherein, lengths of CE have been normalized 
assuming lengths of muscle fibre to be maximum at the time the muscle active force is 
maximum. On the other hand, force-velocity relation can be formulated mathematically 
as (16) where, ܽ௙ is a scalier factor which depends on the manner, (fast and slow) twitch 
fibres are composed in the muscle also ߝሶ stands for the normalized strain rate in the 
contractile element. In order to define the force-velocity relationship when the muscle 
stretch velocity is positive, ߙ and ߚ parameters are used which are material constants. 
These parameters help in providing a desired limiting value for ௩݂ሺݒ஼ாሻ when the muscle 
velocity approaches infinity or very high values (Figure 3c). In terms of actuation, the 
normalized strain rate ߝሶ can be taken as  

௩಴ಶȁ௩೘ೌೣȁ , where ݒ௠௔௫ is the maximum contraction 

speed of the muscle being considered. 

 ௩݂ሺݒ஼ாሻ ൌ ൝ೌ೑ሺభశഄሶ ሻሺೌ೑షഄሶ ሻ భశഀഄሶభశഁഄሶ݊݋݅ݐܿܽݎݐ݊݋ܿ ܿ݅݊݋ݐ݋ݏ݅ ݃݊ݎ݅ݑ݀ ݊݋݅ݏ݊݁ݐݔ݁ ݃݊݅ݎݑ݀       (16) 
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Subsequent to the above formulations, a state space model was developed to solve the 
dynamics of the muscle-tendon unit, considering length of the contractile element as the 
state variable. Further, lengths and forces of various components were modelled as shown 
in (17) and (18), where ݈௠௧ is the total length of the muscle-tendon unit and ܨெ் is the 
force along the muscle-tendon unit. As a matter of fact, the force experienced by the 
tendon is same as force generated at the muscle unit. Here force along the tendon ்ܨ and 
force along the parallel element ܨ௉ா  are represented by (19) and (20) respectively.  

 

Figure 3: (a) Nonlinear Viscoelastic behaviour from model against experimental data, (b) The moment-
angular displacement relationship generated by applying a slow moment ramp input to the developed ankle 
model (c) Normalised force and its relationship with strain and rate of strain for tendon, PE & CE element 

in Hill type model. 
 ݈௠௧ ൌ ݈௧ ൅ ݈௖௘ cos ெ்ܨ (17)                             ߠ ൌ ்ܨ ൌ ሺܨ஼ா ൅ ௉ாሻܨ cos ்ܨ (18)                   ߠ ൌ ௠௔௫ሺ݁஻భఌܨܣ െ ͳሻ                         (19) ܨ௉ா ൌ ௠௔௫ሺ݁஻మఌܨܣ െ ͳሻ  ൅ ܿ௣௘ݒ௖௘                   (20) 

Using simple procedures, equations (20) and (17-20) leads to (21), which describes the 
time-based actuation of the contractile element with muscle activation and current length 
of the muscle-tendon unit. Definite solution for ݒ௖௘ can be found by first expanding (21) 
into a quadratic function (22) and then finding the roots of the equation by appropriately 
selecting solutions considering their sign. However, it should be noted that obtaining ݒ஼ா  
using (21) will not be sufficient since this quantity is also used to obtain the active 
segment of the function (21). Therefore, in this work we have taken into account the fact 
that ௩݂ሺݒ஼ாሻ is greater than unity while muscle is extending and less than unity when the 
muscle is contracting. Furthermore, other parameters such as ܨ ,ܣ௠௔௫, ௣݂௘ and ௖݂௘ are all 
positive by definition, the tendon force will be greater than the static component of the 
muscle force, as shown in (23), provided ݒ஼ா  is positive and vice versa. Thus in order to 
obtain the sign of ݒ஼ா  this force difference can be used while selecting the appropriate 
segment of (21) to be used in (22). 

௠௔௫ܨ  ௧݂ሺ݈௠௧ െ ݈௖௘ cos ሻߠ ൌ ௠௔௫ܨܣൣ ௟݂ሺߝሻ ௩݂ሺߝሶሻ ൅ ௠௔௫ሺ݁஻మఌܨܣ െ ͳሻ  ൅ ܿ௣௘ݒ௖௘൧ cos ௠௔௫ሺ݁஻భఌܨܣ (21)   ߠ െ ͳሻ െ ௠௔௫ሺ݁஻మఌܨܣൣ െ ͳሻ ൅ ܿ௣௘ݒ௖௘൧ cos ߠ ൌ ൝ܨܣ௠௔௫ cos ߠ ೌ೑ሺభశഄሶ ሻሺೌ೑షഄሶ ሻ തܨ ൏ Ͳܨܣ௠௔௫ cos ߠ భశഀഄሶభశഁഄሶ തܨ ൒ Ͳ      (22) ܨത ൌ ௠௔௫ሺ݁஻భఌܨܣ െ ͳሻ െ ௠௔௫ሾܨܣ ௟݂ሺߝሻ ൅ ሺ݁஻మఌ െ ͳሻሿ ݏ݋ܿ ߠ ൌ ௠௔௫ሾܨܣ ௩݂ݒ௖௘ െͳሿ ௟݂ሺߝሻ cos ߠ ൅ ܿ௣௘ݒ௖௘ cos  (23)           ߠ
 

C. Model Implementation 
Two main factors that influence the length of ligaments and muscle-tendon units are 

locations of the origin and insertion points for the force element. In the proposed model 
the ankle and subtalar joint displacements are considered as state variables while 
insertion and origin points of force elements represent variables.  

 
Table 1: Ligaments at the ankle, subtalar joints and foot muscles considered during the 

ankle model development 
It should be noted here that only main muscle-tendon units and ligaments (listed in the 

Table 1), which span ankle & subtalar joints, are considered during modelling. Further, 
the attachment sites are treated as points and the force elements are modelled as lines. A 
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graphical user interface (GUI) [47] had been developed in MATLAB to facilitate the 
conversion of visual information to quantitative data utilizing a three-dimensional surface 
model of the entire lower limb skeleton [48]. The GUI can also be used to identify force 
relationship parameters of these elements. The force-strain parameters for ligaments used 
in this work are in agreement to those mentioned in [49], whereas the parameters related 
to muscles were same as in [22, 50]. Later, the location information and force parameters 
are finally used in the overall ankle model.  

The surface model data is given as a three-dimensional point cloud input with a 
connectivity matrix which maps the relation between these points to form the bone 
surface. Later, axes representing the ankle and subtalar joints were defined before 
determining the force element attachment points and subsequently the joint coordinate 
frames were defined. Later, the attachment points for the ligaments and tendons were 
obtained by selecting these attachment sites of the force elements available in the 
anatomical resources [22, 51]. Subsequently, a rendered bone surface plot was created 
using these attachment points. Points on the talus were expressed in the ankle joint 
coordinate frame and similarly points on the other foot bones were mapped in the subtalar 
joint coordinates. All points connected to the tibia and fibula bones were expressed in the 
global dataset coordinate frame. 

Force elements such as muscle-tendon units, cannot be assumed to be having straight 
paths, since they normally wrap around various bones and ligaments. Therefore, this 
wrapping characteristics is vital to understand to produce more pragmatic simulations and 
their feasible results. In the present work, the muscle path is made to pass though certain 
intermediate points before finally joining the insertion point. In order to determine length 
of each force element, suitable equations (24,25) can be used where ݈௞ is the length of the 
force element, ݊௞ is the total number of attachment points, ݅ is an index representing the 
attachment point being considered, ܨ௜ ൌ ܱǡ ǡܣ ܵ is an identifier for the joint coordinate 
frame which corresponds to the ݅th attachment point (where ܱ, ܣ and ܵ are respectively 
used to denote the dataset frame, the ankle frame and the subtalar frame), ଴ܶி೔ is the 
homogeneous transformation matrix which transform the dataset coordinate frame to the 
corresponding joint coordinate frame; and ௞ܲǡி೔ǡ௜ is the position vector of the attachment 
point ݅ for the ݇th force element, expressed in the local coordinates of the ܨ௜ frame.  ݈௞ ൌ σ ฮݒ௜ǡ௜ାଵฮ௜ୀ௡ೖିଵ௜ୀଵ ௜ǡ௜ାଵݒ (24)                                   ൌ ሾܫଷ Ͳଷൈଵሿ൫ ଴ܶி೔శభ ௞ܲǡி೔శభǡ௜ାଵ െ ଴ܶி೔ ௞ܲǡி೔ǡ௜൯ (25) 

III. RESULTS 

Model Validation 

Ankle Model Validation with Previous Work 

In order to validate, the developed ankle model required to be evaluated against 
experimental studies. However, the moments and displacement data from experiments 
performed on subjects is likely to vary considerably between subjects and as such we do 
not expect accurate and complete agreement during such comparison. Therefore, it would 
be more appropriate here to discuss whether the developed model qualitatively 
approximates the observations on real human ankle complex motions. 

The validation was carried out for two kinds of ankle motions namely, passive and 
active ankle motions. In order to obtain active muscle behaviour from the model, muscle 
activation profiles related to the flexion and inversion-eversion moments were given as 
input to the model and the response of the ankle model was recorded and compared with 
the requisite trajectories.  
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Finally, the model was also compared with data obtained from an unactuated (passive) 
parallel ankle robot [4], used by three healthy subjects through flexion and inversion-
eversion trajectories.   

Passive Moment-Displacement Characteristics 

In order to carry out experiments to assess the ankle model for the passive moment-
displacement relationships under static conditions, a ramp input of external moment is 
applied about the x-axis i.e. in the flexion direction. The results from the model (Figure 
3b) are in close agreement with typical ankle moment-displacement relations found in the 
literature [2]. Values for ankle moments were small around the neutral foot position 
which gradually increased rather rapidly when the foot moved towards extremities. 
Further, higher stiffness and smaller motion range was observed in the dorsiflexion 
direction compared to those in the plantarflexion direction which further is an 
endorsement of the previous works and results published by Riener and Edrich [2]. The 
range of ankle motions from simulations (Figure 3b) was also found to be in agreement 
with the experimental results e.g. larger range of motions was observed in the inversion 
direction as compared to the eversion motion. 

 

Active Ankle-Complex Behaviour  

While validating the proposed model in predicting the active ankle motions, 
experiments were performed by actuating certain group of leg muscles and analysing the 
resulting ankle motions. Six cases were considered and the resulting motions in terms of 
XYZ Euler angles are displayed in Figure 4. Here, case A represents the activation of 
plantarflexor muscles, case B shows the dorsiflexor muscles activation and resulting 
motion, case C involves the invertor muscles’ group, case D shows the motion resulting 
dorsiflexor and evertor muscles’ actuation. Likewise, case E involves adduction muscles 
and case F illustrates motion involving abduction muscles.  

In order to realize muscle activation signals, a step activation is passed through a low 
pass filter prior to applying this in the dynamic equations of the muscle-tendon units. 
Results from simulations show that the model responses largely agreed with the expected 
foot behaviour, since the activation of the muscles had produced the desired foot motion. 

 
Figure 4: Time histories of the foot orientation in XYZ Euler angles obtained from 
simulations of the developed ankle model with muscle activations. 

Information about the forces along the ankle ligaments is important during ankle joint 
rehabilitation treatments. Subject specific rehabilitation trajectories can be selected in 
such a manner that the weak ligaments are not subjected to higher forces. Therefore, 
during another set of experiments (active mode), ligament forces were measured during 
ankle supination trajectory (Figure 5). The group of muscles for which forces were 
recorded was found to be the one responsible for the ankle supination trajectory.  

 
Figure 5: Magnitudes of ligament tensions during supination trajectory (ATaFL: 
Anterior TaloFibular Ligament; CFL: Calcaneofibular Ligament; LTaCL: Lateral 
Talocalcaneal Ligament; PTaFL: Posterior TaloFibular Ligament) 

 

Experimental Validation of Ankle Model  

Finally the ankle model was also compared with the findings from experimental trials 
involving the ankle rehabilitation robot [4]. During these experiments the ankle robot was 
used with three healthy subjects along certain trajectories. Appropriate ethics approval 
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was obtained and subjects were asked to remain relaxed during these trials. Force data 
from the load cells is extracted along with the actuator length data. While, actuator force 
data was converted to moments (using platform geometry of the ankle robot), the actuator 
length data was converted to foot orientations. Later, these moments were applied to the 
musculoskeletal ankle model and the resulting Euler angles from the model foot were 
compared with the experimentally recorded foot Euler angles (Figure 6). Related ankle 
motion trajectories obtained from the ankle robot were also plotted simultaneously for a 
quick comparison. 

 
Figure 6: (a) Comparison of foot orientations (XYZ Euler angles) obtained from the 
ankle robot (blue) and foot orientation from the model (red). (b) Moment information 
extracted from actuator force data. 

 

IV. DISCUSSION 

During validation, the proposed ankle model was used in two modes, namely, passive 
and active modes. Results from the model during passive mode were found to be in close 
agreement with those established by previous researches (Figure 3b). However, in order 
to evaluate the ankle model in active mode, six scenarios were evaluated whereby groups 
of muscles responsible for a certain trajectory were activated and the resulting trajectories 
were analyzed (Figure 4). In yet another experiment with the model during active mode, 
ligament forces were measured during ankle supination trajectory (Figure 5). It was 
found that the group of active muscles was same as the group of muscles responsible for 
the ankle supination trajectory.  

During experimental trials with the ankle rehabilitation robot (Figure 6), the values of 
Euler angles were of the same order of magnitude and had a quite similar profile in both 
the trajectories. Small discrepancies in the X and Y Euler angles observed during start of 
the simulations were mainly due to the friction in actuator connections on the ankle robot. 
Deviations for the Z Euler angle displacement can be attributed to the differences in 
kinematic constraints between the subject and the model. While there are experimental 
errors and the model is of non-subject specific nature, observance of qualitative 
agreement between the model and experimental data is encouraging.  

An important aspect of the proposed ankle model is that the functions of individual 
ligaments and muscle-tendon units are being investigated instead of lumping these into a 
single resistive moment-joint displacement relationship. This information can be used to 
provide an indication of the forces along such force elements and to analyze effects of 
different motion trajectories on tensions in these force elements. Apart from using this 
model in robot controller simulation, it can also be effectively used to evaluate 
rehabilitation trajectories. Future work in this research shall be carried out to investigate 
suitability of different rehabilitation trajectories by evaluating the force element tensions 
and joint reaction moments associated with them. 

V. CONCLUSION 

A musculoskeletal ankle model was developed taking human ankle as a combination of 
ankle joint and subtalar joint. Biomechanical characteristics of bone joints, ligaments and 
muscle-tendon elements were studied and modeled while developing the ankle model. 
The resulting model is a multi-rigid body model and incorporation of ligaments and 
muscle-tendon units allowed this model to be used to study the effects of different motion 
trajectories on the force elements. Such information is crucial in the study of multi joint 
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mechanics of human motions and can be used during physical treatments of lower limb 
impairment. Musculoskeletal information from the ankle model can also be used to 
develop rehabilitation robots or assess performance of existing robots. Such models also 
find their application in the development of rehabilitation trajectories necessary for 
subject specific treatments.  

The main contribution of this research is in estimating the joint moments in three 
anatomical axes of ankle joint and quantifying the tensions in force elements around the 
ankle joint. Ankle joint modelling (to estimate passive and active joint moments) in three 
anatomical axes along with appropriate validation has not been reported in the literature 
and therefore the proposed model may be helpful in quantifying ankle joint functions 
while assessing ankle injuries.   
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Table 1: Ligaments at the ankle, subtalar joints and foot muscles considered during the 
ankle model development 

Ligaments Muscles 
Ant. talofibular  Post. tibiotalar Ext. digitorum longus Peroneous 

longus 
Calcaneofibular Tibiocalcaneal Extensor hallucis 

longus 
Peroneous 
tertius 

Interosseous 
talocalcaneal 

Medial 
talocalcaneal 

Flexor digitorum 
longus 

Soleus 

Lateral talocalcaneal Anterior tibiotalar Flexor hallucis longus Tibialis anterior 
Anterior talocalcaneal Talonavicular Gastrocnemius Tibialis 

posterior 
Posterior talofibular Tibionavicular Peroneous brevis  
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Figure 1: (a) Pictorial presentation of variables used in (1-3), (b) Additional degrees of freedom in the 16-parameter 

kinematic model compared to the 12-parameter model. 

 
 
 

 
Figure 2: (a) Ankle ligament represented by spring-dashpot model, (b) Viscoelastic model of the muscle-tendon 

unit. 

 

 
Figure 3: (a) Nonlinear Viscoelastic behaviour from model against experimental data, (b) The moment-

angular displacement relationship generated by applying a slow moment ramp input to the developed ankle model (c) 
Normalised force and its relationship with strain and rate of strain for tendon, PE & CE element in Hill type model 
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Figure 4: Time histories of the foot orientation in XYZ Euler angles obtained from simulations of the developed ankle 

model with muscle activations. 

 

 
Figure 5: Magnitudes of ligament tensions during supination trajectory (ATaFL: Anterior TaloFibular Ligament; CFL: 

Calcaneofibular Ligament; LTaCL: Lateral Talocalcaneal Ligament; PTaFL: Posterior TaloFibular Ligament) 
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Figure 6: (a) Comparison of foot orientations (XYZ Euler angles) obtained from the ankle robot (blue) and foot 

orientation from the model (red). (b) Moment information extracted from actuator force data. 

 
 

 
  

(a) (b)
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Highlights 
 

 Musculoskeletal model of the ankle complex considering the biaxial structure. 

 Model provides estimates of overall mechanical characteristics.  

 Considerations of forces applied along ligaments and muscle-tendon units. 

 Validation of the ankle model by comparing its outputs published literature  

 Validation with experimental data from a parallel ankle rehabilitation robot.  
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