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ABSTRACT	
  
The human foot contributes significantly to the function of the whole lower extremity during standing and 

locomotion. Nevertheless, the foot and ankle often suffer injuries and are affected by many musculoskeletal and 
neurological pathologies. The overall aim of this thesis was to evaluate gait parameters and muscle function changes 
due to foot and ankle injury, malalignment and co-contraction. Using 3D gait analysis, analytical analyses and 
computational simulations, biomechanical consequences of gait impairment at the ankle and foot were explored in able-
bodied persons and in patient groups with disorders affecting walking. 

We have characterized gait patterns of subjects with ankle fractures with a modified multi-segment foot model. 
The inter-segmental foot kinematics were determined during gait in 18 subjects one year after surgically-treated ankle 
fractures. Gait data were compared to an age- and gender-matched control group and the correlations between 
functional ankle score and gait parameters were determined. It was observed that even with fairly good clinical results, 
restricted range of motion and malalignment at and around the injured area were found in the injured limb.  

Moment-angle relationship (dynamic joint stiffness) - the relationship between changes in joint moment and 
changes in joint angle - is useful for demonstrating interaction of kinematics and kinetics during gait. Ankle dynamic 
joint stiffness during the stance phase of gait was analyzed and decomposed into three components in thirty able-bodied 
children, eight children with juvenile idiopathic arthritis and eight children with idiopathic toe-walking. Compared to 
controls, the component associated with changes of ground reaction moment was the source of highest deviation in 
both pathological groups. Specifically, ankle dynamic joint stiffness differences can be further identified via two sub-
components of this component which are based on magnitudes and rates of change of the ground reaction force and of 
its moment arm. And differences between the two patient groups and controls were most evident and interpretable here.  

Computational simulations using 3D musculoskeltal models can be powerful in investigating movement 
mechanisms, which are not otherwise possible or ethical to measure experimentally. We have quantified the effect of 
subtalar malalignment on the potential dynamic function of the main ankle dorsiflexors and plantarflexors: the 
gastrocnemius, soleus and tibialis anterior. Induced acceleration analysis was used to compute muscle-induced joint 
angular and body center of mass accelerations. A three-dimensional subject-specific linkage model was configured by 
gait data and driven by 1 Newton of individual muscle force. The excessive subtalar inversion or eversion was modified 
by offsetting up to ±20  from the normal subtalar angle while other configurations remain unaltered. We confirmed that 
in normal gait, muscles generally acted as their anatomical definitions, and that muscles can create motion in many 
joints, even those not spanned by the muscles. Excessive subtalar eversion was found to enlarge the plantarflexors  and 

 
In order to ascertain the reliability of muscle function computed from simulations, we have also performed a 

parametric study on eight healthy adults to evaluate how sensitive the muscle-
parameters of rigid foot-ground contact model. We quantified accelerations induced by the gastrocnemius, soleus and 

ing center of pressure were evaluated. The 
influences of different foot-ground contact joint constraints and locations of center of pressure were also investigated. 
Our findings indicate that both joint locations and prescribed degrees-of-freedom of models affect the predicted 
potential muscle function, wherein the joint locations are most influential. The pronounced influences can be observed 
in the non-sagittal plane.  

Excessive muscle co-contraction is a cause of inefficient or abnormal movement in some neuromuscular 
pathologies. We have identified the necessary compensation strategies to overcome excessive antagonistic muscle co-
contraction at the ankle joint and retain a normal walking pattern. Muscle-actuated simulation of normal walking and 
induced acceleration analysis were performed to quantify compensatory mechanisms of the primary ankle and knee 
muscles in the presence of normal, medium and high levels of co-contraction of two antagonistic pairs (gastrocnemius-
tibialis anterior and soleus-tibialis anterior). The study showed that if the co-contraction level increases, the nearby 
synergistic muscles can contribute most to compensation in the gastrocnemius-tibialis anterior pair. In contrast, with 
the soleus-tibialis anterior co-contraction, the sartorius and hamstrings can provide important compensatory roles in 
knee accelerations 

This dissertation documented a broad range of gait mechanisms and muscle functions in the foot and ankle area 
employing both experiments and computational simulations. The strategies and mechanisms in which altered gait and 
muscles activation are used to compensate for impairment can be regarded as references for evaluation of future 
patients and for dynamic muscle functions during gait.  
Keywords: muscle function, gait analysis, induced acceleration, foot kinematics, dynamic joint stiffness 
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III Ruoli Wang, Elena M. Gutierrez-Farewik 

The effect of subtalar inversion/eversion on the dynamic function of the tibialis anterior, 
soleus, and gastrocnemius during the stance phase. Gait and Posture 2011; 34(1):29-35. 

IV Ruoli Wang, Elena M. Gutierrez-Farewik 
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Division	
  of	
  work	
  between	
  authors	
  

The research project was initiated by Dr. Elena Gutierrez-Farewik (EGF) and Dr. Eva W. Broström 
(EWB), where EGF was the main supervisor and co-author in Paper I, II, III, IV and V. EWB acted as 
co-supervisor and was advisor of the work resulting in Paper I and II. Dr. Charlotte K. Thur (CKT) 
and Dr. Per Wretenberg (PW) were clinical advisors and co-authors in Paper I. Anna-Clara 
Esbjörnsson (ACE) was co-authors in paper II. Ruoli Wang (RW) continuously discussed the progress 
throughout the work with EGF and EWB. 

Paper I  

The experimental data was collected by EWB and RW. The data processing and statistical analysis 
were done by RW with input from EGF and EWB. 90% of the paper was written by RW and 10% by 
CKT with input from EWB, EGF and PW. 

Paper I I  

The analytical and statistical analyses were done by RW and the experimental data was collected by 
ACE, EWB and EGF. The paper was written by RW with input from EGF, ACE and EWB. 

Paper I I I  

The simulations were done by RW and the experimental data was collected by RW and EGF. The 
paper was written by RW with input from EGF.  

Paper IV 

The simulations were done by RW and the experimental data was collected by RW and EGF. The 
paper was written by RW with input from EGF.  

Paper V 

The simulations were done by RW and the experimental data was collected by RW and EGF. The 
paper was written by RW with input from EGF.  
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INTRODUCTION	
  

The study of human gait can be traced back thousands of years and Aristotle was attributed with the 
earliest recorded comments about human walking (Harris et al., 2006). It was not until the renaissance 
that further progress was made through the experiments and theorizing of Giovanni Borelli (Borelli, 
1989). During the later part of the 18th century and early part of 19th century, a series of French 
physiologists made observations of human walking. They, however, only addressed the understanding 
of human walking either in mechanics or in physiology (Baker, 2007). Weber brothers (1836) were the 
pioneers who addressed both mechanics and physiology problems and first published foot temporal 
and stride parameters using experimental measurements (Basmajian and Licht, 1978). Eadweard 
Muybridge (1925) and Leland Stanford used an array of sequenced cameras attempt to settle a bet to 

ping. Braune and Fischer (1987) further 
developed the first 3D movement analysis and Amar (1916) first used a pneumatic system to develop a 
three-component forceplate. Since then, studies using motion analysis have become numerous; a 
current PubMed search using keywords movement analysis, motion analysis or gait analysis returns 
over 149,000 items. The focus in this thesis is on the foot and ankle during gait. 

The human foot, the only part of the body that acts on an external surface in upright, unsupported 
positions, supports and balances the body during gait. With muscle coordination, the foot can be 
compliant to cope with uneven ground surfaces to achieve a smooth motion and maintain dynamic 
stability. Ankle injuries, foot pain and muscle dysfunctions are common and stem from the large 
impact forces and rotational moments during weight-bearing activities (Smith, 1996). As the distal end 
of the lower extremity, its position or movement can influence the position, movement or loading at 
the knee or hip of either limb and the back (Hamill and Knutzen, 2006). This thesis includes three 
major parts: Part I (Study I ) is the experimental gait analysis of foot kinematics in patients with ankle 
fractures. Part II (Study I I ) is the analytical decomposition analysis of ankle dynamic joint stiffness 
(moment-angle relationship) in able-bodied children and children with juvenile idiopathic arthritis and 
idiopathic toe-walking. Part III (Studies I I I , IV and V) studies the influence of abnormal foot 
kinematics and ankle antagonistic muscle pair co-contraction on individual muscle functions during 
walking using simulation. 

RELATED	
  FUNCTIONAL	
  ANATOMY	
  OF	
  THE	
  ANKLE	
  AND	
  FOOT	
  	
  

The foot and ankle make up a complex anatomical structure consisting of 26 irregularly shaped bones, 
30 synovial joints, and more than 100 ligaments, tendons, and muscles acting on the segments (Hamill 
and Knutzen, 2006). The foot is considered to have four subdivisions: the hindfoot, midfoot, forefoot, 
and phalanges (Fig 1). Other than the talocrural joint (ankle), most of the motion in walking occurs at 
three of the synovial joints: the subtalar, midtarsal, and metatarsophalangeal  joints (MTP) (Perry and 
Burnfield, 2010). 

Talocrural	
  joint	
  

The ankle or talocrural joint is comprised of 3 bones: tibia, fibula and talus (Fig 2). The articulations of 
this joint complex are between the dome of the talus and the tibia plafond, the medial facet of the talus 
and the medial malleolus, and the lateral facet of the talus and the lateral malleolus respectively. 
Although the ankle joint is commonly considered as a hinged synovial joint allowing only 
dorsiflexion/plantarflexion movement, the anatomical axis of the joint has been demonstrated 
horizontal and oblique to the frontal plane of the foot due to outward rotation of the lower end of the 
tibia (Wright et al., 1964). Moreover, movement of the foot at the ankle joint rarely occurs alone; it is 
invariably combined with motion about the subtalar and midtarsal joints (Palastanga et al., 2006). The 
lateral and deltoid ligaments have important roles in maintaining stability in the articular motions.  
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Figure 1: Bones in the foot, modified from Abboud (Abboud, 2002) 

 

 

 

 

 

 

 

Figure 2: The joints in the foot (subtalar, midtarsal, MTP) with major functional significance during walking, 
modified from Perry and Burnfield (2010) 

Index   Name   Segment   Index   Name   Segment  
1   Calcaneus   Hindfoot   9   Second  metatarsal   Forefoot  
2   Talus   Hindfoot   10   Third  metatarsal   Forefoot  
3   Navicular   Midfoot   11   Fourth  metatarsal   Forefoot  
4   Medial  cuneiform   Midfoot   12   Fifth  metatarsal   Forefoot  
5   Intermediate  cuneiform   Midfoot   13-­‐17   Proximal  phalanges   Phalanges  
6   Lateral  cuneiform   Midfoot   18   Distal  phalanges   Phalanges  
7   Cuboid   Midfoot   19-­‐22   Middle  phalanges   Phalanges  
8   First  metatarsal   Forefoot   23-­‐26   Distal  phalanges   Phalanges  

tibia fibula 

talus 

calcaneus 

subtalar joint 
talocrural joint (ankle) 

midtarsal joint 

metatarsophalangeal joint 
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Subtalar	
  joint	
  

The subtalar joint is situated between the talus and the calcaneus (Fig 2). With the ankle joint, the 
oblique orientation of the subtalar joint axis (from the posterior lateral plantar surface to the anterior 
dorsal medial surface of the talus (Fig 3) allows the foot to move relative to the tibia in a complex 
manner (Czerniecki, 1988), which is usually defined as pronation and supination. The prime function 
of the subtalar joint is to absorb the rotation of the lower extremity during the support phase of gait 
(Hamill and Knutzen, 2006).  

Midtarsal	
  and	
  metatarsophalangeal	
  joints	
  

The midtarsal joint is the junction of the hindfoot and forefoot and contributes to the shock absorption 
of forefoot contact (Fig 2). The MTP joint is the toe break, which allows the foot to roll over the 
metatarsal heads rather than the tips of the toes. The five metatarsal heads provide a broad area of 
support across the forefoot (Perry and Burnfield, 2010).  

 

 

 

 

 

 

 

 

 

Figure 3: The axis of the subtalar joint, modified from Hamill and Knutzen (2006) 

Ankle	
  dorsiflexors	
  and	
  plantarflexors	
  

Twenty-three muscles act on the ankle and the foot (Fig 4), and play important roles in sustaining 
impacts of very high magnitude, and in generating (contracting concentrically) and absorbing energy 
(contracting eccentrically) during movement (Hamill and Knutzen, 2006). Ankle plantarflexors refer to 
the muscles which can extend the ankle resulting in the forefoot moving away from the body, while 
ankle dorsiflexors can flex the ankle resulting in the forefoot moving towards the body. The 
gastrocnemius together with the soleus are the chief plantarflexors of the ankle joint. The 
gastrocnemius spans the knee joint, so it is also a powerful knee flexor. The other plantarflexor 
muscles produce only 7% of the remaining plantarflexor force (DiStefano, 2009). The most medial 
dorsiflexor is the tibialis anterior, whose tendon is farthest from the joint, thus giving it a significant 
mechanical advantage  as a powerful dorsiflexor (DiStefano, 2009). Previous studies reported that the 
gastrocnemius, soleus and tibialis anterior also have inversion leverage of the subtalar joint 
(Czerniecki, 1988; Hamill and Knutzen, 2006). 

42  

16  
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Figure 4: The ankle and knee muscles, modified from Hamill and Knutzen (2006) 

BIOMECHANICS	
  OF	
  NORMAL	
  GAIT	
  

Normal gait cycle can be divided into stance and swing phases. The stance phase is approximately the 
first 60% of the gait cycle and starts with initial contact (IC) when foot touches the floor. Loading 
response (0-10% of gait cycle) is the initial double stance which ends when the contralateral foot is 
lifted for swing (Perry and Burnfield, 2010). Following loading response is mid-stance (10-30% of gait 
cycle) and terminal stance (30-50% of gait cycle), which are the single-limb support intervals. The 
final phase (50-60% of gait cycle) of stance is pre-swing, the second double support in the stance 
phase. 

Gastroc-
nemius 

Achilles 
tendon 

Soleus 

Peroneus 
longus 

Tibialis 
anterior Gastroc-

nemius 

Soleus 

Peroneus 
brevis 

Extensor 
hallucis 
longus 

Extensor 
digtorum 
longus 

Tibialis 
posterior 

Flexor 
digitorum 
longus 

Popliteus 
muscle 
Peroneus 
longus 

Flexor 
hallucis 
longus 

Peroneus 
brevis 

Biceps 
femoris 
(long head) 

Iliotibial 
tract (band) 

Rectus femoris 
tendon 

Biceps femoris 
(short head) 



[INTRODUCTION]	
   [2012]	
  
 

5 

 

Figure 5: Foot motion definition: (A) plantarflexion-dorsiflexion  (B) inversion-eversion (C) forefoot 
adduction-abduction (D) supination-pronation (A, B, C modified from Abboud 2002, D modified from 
Hamill and Knutzen 2006) 

Motion	
  definition 

Conventionally, human movements are described based on three cardinal planes of the body. The 
sagittal plane bisects the body into right and left; the frontal plane bisects the body into anterior and 
posterior; the transverse plane bisects the body into superior and inferior. Six basic movements occur 
in varying combinations in the joints of the body. Flexion/extension is the bending/straightening 
movement in the sagittal plane, in which the relative angle of the joint between two adjacent segments 
decreases/increases. Abduction is the movement away from the midline of the body or segment and 
adduction is the return movement back toward the midline of the body or segment in the frontal plane. 
Internal rotation is the rotating movement of anterior surface toward the midline of the 

from the midline. Although several specialized movement names are assigned to the foot movement, 
they are still generally regarded in the basic planes (Fig 5). Plantarflexion is the movement when the 
distal aspect of the foot is angled downwards in the sagittal plane away from the tibia, and dorsiflexion 
is the movement when the distal aspect is angled towards the tibia in the sagittal plane. Hindfoot 
inversion takes place in the frontal plane when the medial border of the foot lifts so that the sole of the 
foot faces towards the other foot. Hindfoot eversion is the opposite movement of the hindfoot. 
Forefoot adduction is the movement when the distal aspect of the forefoot is angled towards the 
midline of the body in the transverse plane. Forefoot abduction is the movement when the distal aspect 
is angled away from the midline of the body. In orthopedics, a varus deformity is a term for the inward 
angulation of the distal segment of a bone or joint. The opposite of varus is called valgus. Common 
confusion exists over the use of the terms inversion and eversion with pronation and supination. Foot 
pronation consists of a combination of ankle dorsiflexion, calcaneal eversion, and forefoot abduction. 

B 

C D 

plantarflexion 

dorsiflexion 

inversion 

eversion 

normal forefoot 
abduction 

forefoot 
adduction 

right foot 
supination 

right foot 
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Foot supination is the opposite of pronation, with ankle plantarflexion, calcaneal inversion, and 
forefoot adduction (Hamill and Knutzen, 2006). 

the	
  stance	
  phase	
  

At IC, the ankle is almost neutral or slightly plantarflexed and the subtalar joint is inverted. In a short 
period afterwards, the foot is passively plantarflexed in a smooth, regulated manner such that the ankle 
joint plantarflexion is stopped synchronously with the forefoot making contact with the ground (Root 
et al., 1977). During the loading-response, only the lateral side of the foot makes contact with the 
ground so to transfer weight to the forefoot. The effect of the ground reaction force (GRF) on the 
lateral side of the forefoot tends to evert the forefoot (Schwartz et al., 1964). The ankle changes its 
direction towards dorsiflexion after foot-flat and the tibia becomes the moving segment. Ankle 
dorsiflexion continues throughout mid-stance and reaches its maximum in terminal stance. At the same 
time, the forefoot gradually moves towards inversion. The subtalar joint slowly reverses eversion 
toward inversion throughout the terminal stance, particularly during toe-rise and reaches its peak in 
pre-swing (Wright et al., 1964). There is a rapid ankle plantarflexion following terminal double 
support which reaches the maximum at the end of the stance phase (Perry and Burnfield, 2010).  

Brief	
  muscle	
  roles	
  in	
  stance	
  

As described by Perry and Burnfield (2010), during the stance phase, the muscle functions are 
primarily for providing weight-bearing stability, shock absorption, and progression over the supporting 
foot. In particular, the progression of gait is assisted by four foot rockers: heel rocker, ankle rocker, 
forefoot rocker and toe rocker (Fig 6). 

Ankle Muscles: After IC, in response to the large external plantarflexion moment generated by the 
GRF, ankle dorsiflexors (tibialis anterior, extensor digitorum longus, and extensor hallucis longus) 
decelerate the ankle plantarflexion. This dynamic response also contributes to limb progression, as the 
tibia actively advances while the forefoot descends. Following the forefoot floor contact, the GRF 
advances forward along the foot so to create a large external dorsiflexion moment. The plantarflexors 
(soleus and gastrocnemius primarily) react eccentrically to restrain the rate of ankle dorsiflexion. In the 
toe-rocker, the soleus and s reduce rapidly with the rapid decline of GRF 
since the body weight transfers to the other limb. The tibialis anterior and toe extensors begin to 
activate at the end of the toe-rocker to decelerate the ankle plantarflexion and prepare for foot lifting in 
initial swing. 

 

 

 

 

	
  

	
  

 

Figure 6: Four rockers in stance phase. The arrow indicates the direction of motion, modified from Perry 
and Burnfield (2010). 
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Knee Muscles: The vasti muscles (knee extensors) activate eccentrically during heel-rocker to 
decelerate knee flexion and absorb shock while also maintaining knee stability. The vasti activity 
ceases by the middle of mid-stance when the primary responsibility of limb control transfers to the 
ankle plantarflexors. The knee flexors (hamstrings) act mainly to protect potential knee hyperextension 
with declining activity levels. 

Hip Muscles: The hip extensors (adductor magnus and lower gluteus maximus) contract intensively to 
control hip flexion, and the hip abductors (upper gluteus maximus and gluteus medius) activate to 
enhance pelvis stability during heel-rocker. The hip muscles are otherwise largely inactive during the 
rest of the stance phase. 

Using musculoskeletal modeling and dynamic simulations, comprehensive can be 
quantified during walking. Muscles generally function according to their anatomical definition. Ankle 
dorsiflexors were found to support the body while slowing forward progression during heel-rocker. 
Hip and knee extensors (vasti and gluteus maximus) were found to provide much of vertical 
support while slowing forward progression in the first half of the gait cycle (Pandy, 2001; Neptune et 
al., 2004; Liu et al., 2006; Kepple et al., 1997). Ankle plantarflexors were identified as primary 
contributors of support and forward progression during the late half of stance (Gottschall and Kram, 
2003; Kepple et al., 1997; Pandy, 2001; Neptune et al., 2004). Fewer studies have focused on the 
muscle contributions in planes other than sagittal, probably since peak forces in these planes are much 
smaller than in the vertical and fore-aft directions. Pandy et al. reported that muscles that generate 
vertical support and forward progression (vasti, soleus and gastrocnemius) also accelerate body center 
of mass (COM) laterally, along with hip adductors (adductor magnus, adductor longus and adductor 
brevis) and ankle evertors (peroneus brevis and peroneus longus). The hip abductors and ankle 
invertors (tibialis posterior, flexor digitorum longus and flexor hallucis longus) control the medial-
lateral balance by accelerating the COM laterally (Pandy et al., 2010). 

Studies have also shown that the influence of muscle force is not isolated to the joints it crosses - the 
influence on remote joints must also be considered. This was referred to as dynamic coupling  a 
muscle can accelerate a joint which it does not cross (Zajac and Gordon, 1989). For example, 
considerable contributions to hip extension have been found from the tibialis anterior, soleus and 
gastrocnemius (Jonkers et al., 2003). Moreover, analysis of muscle contributions has also indicated 
that synergistic muscles can function differently over different joints. For instance, the gastrocnemius 
and soleus have been shown to function synergistically at the ankle joint, but with opposite effects at 
the knee in toe-rocker. The soleus can generate knee extension acceleration while the gastrocnemius 
can accelerate knee flexion (Fox and Delp, 2010a; Goldberg et al., 2003; Neptune et al., 2001). 

GAIT	
  AND	
  MOTION	
  ANALYSIS	
  

Contemporary gait analyses focus primarily on the measurement of joint kinematics and kinetics, 
electromyography (EMG), oxygen consumption and foot plantar pressures. Gait analysis has been very 
helpful in diagnostic evaluations of some motion disorders and can provide important complementary 
information prior to invasive treatment. Gait analysis used in this thesis involves markers placed on 
specific anatomic landmarks. The markers are covered in a retro-reflective material which can reflect 
the light from infrared cameras to sensors mounted on the camera. The marker positions are used to 
describe the three-dimensional positions and movements of body segments and joints. The assumption 
of this method is that the surface-mounted markers reflect the motion of the underlying bones or 
structures. Measurement errors introduced with soft tissue deformations have been estimated in studies 
comparing surface-mounted marker movement to intra-cortical pin-mounted markers. The least error 
has been reported in the sagittal plane and larger error in the frontal and transverse planes of the knee 
motion (Reinschmidt et al., 1997; Benoit et al., 2006). Westblad et al. (2002) reported skin movement 
artifact for movement of the calcaneus relative to the tibia during stance phase, where root mean 
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square (RMS) was small at 2.5  (inversion/eversion), 1.7  (plantarflexion/dorsiflexion) and 2.8  
(adduction/abduction). Nester et al .(2007) compared kinematic data from a four-segment foot model 
to the kinematics of the foot bones comprising four segments. They found differences were greatest for 
motion of the combined navicular/cuboid relative to calcaneus and the medial forefoot segment 
relative to the navicular/cuboid. RMS error of commercially-available capture systems in calculating 
the distance of two markers in a volume with a length of 2.0-4.6 m was reported between 0.6 mm and 
1.7 mm (Ehara et al., 1997). Dynamic motion capture with more cameras resulted in higher error, and 
error in calculating a known angle between markers on a rotating plate were between 1.4  and 4.2   
(Richards, 1999), though camera technology has vastly improved since then. 

Dynamic	
  joint	
  stiffness:	
  joint	
  angle-­‐moment	
  relationship	
  

Human walking patterns are typically characterized by plotting single joint kinematics and kinetics 
curves as a function of time or percentage of gait cycle. Researchers have introduced a new parameter 

 (DJS) , which may help to clarify some dynamic effects by examining pairs of 
kinematics and kinetic variables together and assessing the correlations among them (Crenna and Frigo, 
2011). DJS was defined as the resistance that a joint (i.e. the active muscles and other passive soft 
tissue structures that cross the joint) offers during gait response to an applied moment, which can be 
quantified as the slope of the joint moment plotted as a function of the joint angle (Davis and DeLuca, 
1996). Studies have shown that DJS is helpful in analyzing, at a joint level, how the motor task is 
coordinated and how stable the joint is. A previous study has showed that ankle DJS was a repeatable 
and approximately constant parameter in the ankle and forefoot (Perry and Burnfield, 2010) in normal 
walking. The potential clinical utilization of DJS was illustrated by examining 2nd rocker stiffness and 
the graphic description of the angle-moment contour after different interventions, i.e. selective dorsal 
rhizotomy (Peacock et al., 1987), Baker-type lengthening of the gastrocnemius muscle (Baker, 1956) 
in children with cerebral palsy (Davis and DeLuca, 1996). The angle  moment contour can describe 
the absorption and production of mechanical energy in walking (Crenna and Frigo, 2011; Gabriel et al., 
2008), e.g. at the ankle joint, increasing internal plantarflexor moment with ankle dorsiflexing means 
energy absorption. DJS was also found to be associated with many factors, e.g. walking speed, gender, 
age etc. Walking speed was found to have a different influence on different lower limb joints as well 
as in the different sub-phases (Frigo et al., 1996). Compared to a young adult group, an elderly group 
had slightly higher ankle DJS for most of the stance phase (Crenna and Frigo, 2011). Gabriel et al. 
found that the lower ankle stiffness in females than in males is associated with an increased risk of 
ankle sprain or common injuries associated with lack of joint stability (2008). 

Characterization of the quasi-linear (nearly linear) behavior of the joint angle-moment relationship has 
also shown its possibility as a quantitative diagnostic approach to the motor control behavior and as a 
treatment evaluation in subjects with motion disorders. DJS was found significantly higher in patients 
with bilateral arthroplasty than in healthy controls, and the authors suggested that it is an important 
factor in assessing relationships between hip impairments and dynamics in other joints (Tateuchi et al., 
2011). Persons with advanced stages of knee osteoarthritis were found to have higher knee DJS 
irrespective of walking speed, which may be a strategy to overcome knee instability, often found in 
this population (Zeni Jr and Higginson, 2009). 

Although studies have used DJS to quantify motor control behavior at joints, there are some 
assumptions and uncertainties. DJS (as the concept -stiffness ), describes the ability of the 
system to resist externally imposed displacements regardless of the time course of the displacement, 
which is not necessarily related to the ability of the system to deform or to store elastic energy.  

 



[INTRODUCTION]	
   [2012]	
  
 

9 

 

RELATED	
  PATHOLOGIES	
  AND	
  DISORDERS	
  

Ankle	
  Fracture	
  

Ankle fracture in this thesis refers to malleolar fractures. It is one of most common lower limb 
fractures, and the frequency has been increasing over the past few decades, especially in elderly 
women (Bengner et al., 1986; Kannus et al., 1996). According to previous epidemiological studies, the 
incidence of ankle fractures is between 107 and 184 per 100,000 persons per year (Bengner et al., 1986; 
Court-Brown et al., 1998; Daly et al., 1987; Jensen et al., 1998). Another study had shown that this 
rise has continued during the entire 1980s and 1990s (Kannus et al., 1996). In the United States, ankle 
fractures have been reported to occur in as many as 8.3 per 1000 medical-care recipients, a figure that 
appears to be rising steadily (Koval et al., 2005).   

In order to describe fractures and help physicians determine appropriate treatment, two classification 
schemes based on radiographic presentation, called Danis-Weber and Lauge-Hansen, are widely used. 
Lauge- classification, first reported in 1950 (Lauge-Hansen, 1950), takes the posture of the 
foot at the moment of injury and the direction of deforming force into consideration, and subsequently 
divides ankle fractures into five types. While it provides a better understanding of injury mechanisms, 
resulting in improved technique in closed treatment of unstable fractures (Lindsjö, 1985), it is 

 B, C) 
on the basis of the anatomy of the fracture of the lateral malleolus (Müller et al., 1991). It is easy to 
use and requires few clinical details, but its weakness of ignoring the biomechanical aspect of the 
medial injury makes the evaluation of results difficult. Another commonly used classification scheme 
for ankle fractures is the simple anatomic division into uni-, bi- and trimalleolar fractures. Some 
authors have advocated modifications to the existing schemes to achieve more biomechanical and 
clinical relevance (Pettrone et al., 1983). 

Juvenile	
  idiopathic	
  arthritis	
  

Juvenile idiopathic arthritis (JIA) is an umbrella term for a group of persistent inflammatory disease in 
childhood (aged 0-16 yrs) with arthritides with unknown etiology lasting more than six weeks (Petty et 
al., 2004). In this thesis, the subjects with JIA were classified according to ILAR criteria (International 
League of Association for Rheumatology). JIA affects around 1500 children in Sweden and influences 
many aspects of daily activities (Gäre et al., 1987; Berntson et al., 2001). A population-based 
epidemiological study in Nordic countries of JIA reported an incidence of 15/100000 children per year 
(Berntson et al., 2003). JIA in girls predominates over JIA in boys with a ratio of 3:2 (Cassidy, 2002).  

Depending on the type of JIA, the clinical symptoms may vary; nevertheless, the most profound 
symptoms include joint inflammation and stiffness, pain, fatigue, and reduced physical ability 
(Cassidy, 2002; Giannini et al., 1992; Klepper et al., 1992; Schneider and Passo, 2002). Joint stiffness 
is usually more evident in the morning and in both affected and non-affected joints. The inflamed 
joints are tender and painful, and pain can be particularly bothersome at night (Broström, 2004). Apart 
from articular symptoms, weight loss and fatigue may occur in all types of JIA (Cassidy, 2002; 
Giannini et al., 1992; Klepper et al., 1992; Schneider and Passo, 2002). Long duration of an active 
disease may be associated with a reduction in height, discrepancy in leg length, and shortening of 
muscles and tendons, which may cause flexion contractures (permanent shortening of a muscle) 
(Cassidy, 2002; Giannini et al., 1992; Bacon et al., 1990; Fan et al., 1998; Lindehammar and Backman, 
1995; Vostrejs and Hollister, 1988). Children with JIA have also been reported as having great 
limitations in physical activity, lower aerobic endurance, decreased muscle strength and a restriction of 
joint motion, which most often affects extremities (Henderson et al., 1995; Singsen, 1995; Giannini 
and Protas, 1991; Klepper, 1999). The kinematics and kinetics of children with JIA differ from healthy 
children, and include significantly lower walking velocity and step length, more anteriorly tilted pelvis, 
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reduced hip extension, reduced knee extension during single-support phase, reduced plantarflexion in 
pre-swing, reduced peaks of ankle moments and power, and reduced peaks in the vertical GRF 
(Broström, 2004; Hartmann et al., 2010). 

Idiopathic	
  toe-­‐walking	
  

Toe walking is defined as lack of heel floor contact at the onset of stance during gait. Idiopathic toe-
walking (ITW) is a term used to describe the condition in which children walk on their toes in the 
absence of any known cause (Sala et al., 1999). ITW is a diagnosis made by exclusion and for a person 
who is otherwise neurologically normal and possesses normal muscle strength and selective motor 
control. Persistent equinus (plantarflexed) positioning can result in a plantarflexion contracture, 
eventually with permanent shortening of the gastrocnemius/soleus muscle complex. The incidence of 
ITW has been reported to be 7% to 24% of the childhood population (Furrer and Deonna, 1982).  

Studies have been performed to evaluate characteristic gait patterns in ITW, which include variable 
heel strike (the incidence of spontaneous heel-contact is variant) (Crenna et al., 2005; Hicks et al., 
1988), a short period of dorsiflexion with progressive plantarflexion until toe-off (Armand et al., 2006), 
premature onset of triceps surae (gastrocnemius and soleus) activation and excessive overlapping of 
gastrocnemius and tibialis anterior activity (Sala et al., 1999). Decreased ankle range of motion (ROM) 
due to limited dorsiflexion was also presented in a majority of children with ITW, and as a distinction 
from other toe-walking populations (Engelbert et al., 2011). Management of children with ITW is 
controversial. Treatments consist of physiotherapy, serial casting, and open or percutaneous 
lengthening of the Achilles tendons. Recently, botulinum toxin (BTX) injection, which was used to 
treat muscular hyperactivity, has also been reported to positively affect the gait in some children with 
ITW (Engström et al., 2010).  

Muscle	
  co-­‐contraction	
  

Muscle co-contraction has been defined as the concurrent activation of agonist (prime mover) and 
antagonist (primer stabilizer) muscles across the same joint (Falconer and Winter, 1985). From a 
purely mechanical point of view, the muscles contract simultaneously with little contributions to the 
useful muscular work output, which is one of the major causes of mechanical inefficiency during 
movement (Winter, 2009). Co-contraction has sometimes been found in infancy and childhood when 
the reciprocal inhibition (the agonist contracts, the antagonist is simultaneously inhibited (Sherrington, 
1940)) is lower than in adults with more predictable movements, and may usually decline during 
development (Myklebust et al., 1986; Gatev, 1972). In normal gait, antagonistic muscle pairs at each 
lower extremity joint contract in an alternating pattern with low durations of concurrent activity, to 
generate sufficient joint moment. Despite of the greater energy expenditure, possible advantages of 
muscle co-contraction in providing joint stabilization (stiffness) and protection (Hagood et al., 1990), 
increasing precision (Karst and Hasan, 1987; Humphrey and Reed, 1983), and increasing ability to 
compensate for unexpected load (Damiano, 1993) have been observed. One possible explanation for 
co-contraction could be that the central nervous system (CNS) modulates the impedence of muscles  
the static and dynamic relationship between muscle force and imposed stretches - through co-
contraction of antagonist muscles to adapt to the environment. The antagonist muscles would add 
impedence while the torque from opposing muscles would subtract (Hogan, 1984). 

Excessive muscle co-contraction has been observed in neuromuscular pathologies and is even 
associated with normal aging. Notably co-contraction accompanies spastic gait, e.g. due to hemiplegia, 
paraparesis, or cerebellar syndromes (Dierick et al., 2002), but it can also accompany postural 
instability or weakness in persons with normal levels of muscle tone (Brooks, 1986).  



[INTRODUCTION]	
   [2012]	
  
 

11 

 

COMPUTATIONAL	
  METHODS	
  IN	
  MUSCULOSKELETAL	
  COORDINATION	
  	
  

In biomechanics, we can either input the muscle forces to predict the displacement of the body 
segments, or compute joint moments and forces from a combination of measured external forces, 
segment kinematics, and anthropometric data. The first technique is referred to as a forward dynamics 
approach, and the latter, as an inverse dynamics approach. 

The inverse dynamics method is commonly employed in clinical gait analysis to compute the net joint 
moments, and net joint powers (Winter et al., 1990). The foot, shank and thigh are considered to be 
rigid segments connected by joint articulations. The measured ground reaction force and estimated 
segmental accelerations are inserted into the Newton-Euler equations of motion, starting at the most 
distal segment (e.g. foot) and solving for the proximal joint force and moments (e.g. ankle) (Zajac et 
al., 2002). One limitation of the traditional Newton-Euler inverse dynamics method is its inability to 
identify the roles of individual muscles in coordinating the body segments (Zajac et al., 2002). In order 
to understand the individual muscle contributions to the movement, additional methodologies are 
needed to decompose the net joint moments or joint forces, which can be estimated directly from the 
inverse dynamics, into individual muscle moment or muscle forces. Static optimization is one method, 
but is not entirely reliable to study muscle coordination because of the uncertainty in the optimization 
criterion inherent in this approach (Marshall et al., 1989; Herzog, 1996). EMG activity is often 
recorded in gait studies, but its relationship with certain muscle force is still debatable (Perry, 1998; 
Inman et al., 1981).  

Various methods can be used to find muscle or joint moment contributions with forward dynamics. 
One method is to use the net joint moments computed from traditional inverse dynamics as input to a 
forward dynamical model (Kepple et al., 1997). One of the most difficult aspects of generating 
muscle-driven dynamical simulations compatible with experimental observation is finding an 
appropriate muscle activation pattern. Optimization theory and a dynamical model to iteratively find 
the muscle excitations are usually applied, but the conventional approaches usually require inordinate 
amounts of time (Zajac, 1993; Anderson and Pandy, 2001; Neptune et al., 2001). A recently 
introduced algorithm - computed muscle control (CMC) - employs feedforward and feedback control 
to determine muscle excitations which can track experimental kinematics more efficiently using only a 
single integration of the state equations (Thelen and Anderson, 2006).  

Induced acceleration analysis (IAA) is an approach which lies conceptually at the intersection of the 
field of forward dynamics and inverse dynamics, and which may serve as an enhancement to the 
conventional inverse dynamical approach. The basis of the analysis is the identification of the 
instantaneous contribution of a particular muscle (e.g. gastrocnemius) or muscle group (e.g. ankle 
plantarflexors) to an outcome measurement (e.g. acceleration of the center-of-mass of the body). Zajac 
and Gordon (1989) first introduced IAA as a tool to demonstrate that the gastrocnemius, anatomically 
a knee flexor and ankle plantarflexor can in certain circumstances act as a knee extensor. Mechanical 
analysis of the whole musculoskeletal system revealed that muscle groups crossing a joint would 
generally act to accelerate all joints of the body (Zajac and Gordon, 1989). In recent years, researchers 
using this approach have expanded our understanding of how individual muscles or muscle groups 
control body motion, e.g. contribution to the vertical GRF in gait (Anderson and Pandy, 2003), the 
body COM in running (Hamner et al., 2010), the energetics of the body segment during the normal 
gait (Neptune et al., 2004) and the influences of different walking velocities on muscle contributions to 
swing initiation (Fox and Delp, 2010b). Clinical IAA studies have demonstrated that excessive 
external tibial rotation, a transverse plane misalignment of the lower leg, can reduce the lower limb 

during single-limb stance, and may be contribute to 
crouch gait (Schwartz and Lakin, 2003; Hicks et al., 2007). IAA analysis of stiff-legged gait studies 
indicated that variable causes of the stiff-legged gait 
impairments (Riley and Kerrigan, 1999). However, it should be noted that IAA is a snapshot in time of 
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contributions of individual forces acting on the body segments without regard to the cumulative effects 
of past muscle and gravity force trajectories on the system behavior (Zajac et al., 2002). 

Musculoskeletal	
  model	
  

Whether in forward or inverse dynamics, one must employ an anatomical model of the 
musculoskeletal system. In gait analysis using surface-mounted markers, a model is required to infer 
the position of the body segments from the measurement positions of the markers. In forward 
simulations, a musculoskeletal model containing accurate three-dimensional (3D) geometry of each 
muscle is often used to comprehend the dynamic function of individual muscles. 

Kinematic	
  model	
  in	
  gait	
  analysis	
  

The most widely used whole-body gait models consist of 15 rigid body segments (head, torso, upper 
arms, lower arms, hands, pelvis, thighs, shanks, and feet). However, representing the foot as a single 
rigid body with a revolute ankle joint is inadequate to demonstrate the true 3D foot motion. During the 
last few years, many noteworthy biomechanical foot models which include multiple segments have 
been developed (Stebbins et al., 2006; Khazzam et al., 2006; Woodburn et al., 2004; Saraswat et al., 
2011; Simon et al., 2006). 

There are some consensuses in these models. Since the number of segments that can be tracked is 
limited when using the typical camera configuration for a full body motion analysis, most foot models 
contain three or four segments and express angular relationship as Euler angles (Kidder et al., 1996; 
Myers et al., 2004). Most models reference their dynamic angles to a standard zero position, where 
static joint angles are defined to be zero (Leardini et al., 1999; Moseley et al., 1996), which 
contributed to the reduction of the possible variations from marker placement. However, there are 
some inconsistencies in segment definitions. For instance, the group from Marquette University 
defined the forefoot segment with cuneiform, cuboid and metatarsal bones (Myers et al., 2004). The 
Oxford foot model defined forefoot segments rigorously only with metatarsal bones, and the midfoot 
segment was considered as a mechanism transmitting joint between the forefoot and hindfoot segment 
(Stebbins et al., 2006). 

Muscle	
  models	
  	
  

Early muscle model studies have led to databases of origins and insertions of lower extremity muscles 
based on cadaver studies (Brand et al., 1982; White et al., 1989). However, these databases had 
limitations of small sample sizes, lack of gender, and wrapping points allowing muscle lines-of-action 
to pass through bones (Kepple et al., 1998). For many muscles, the origin and insertion points are 
enough. However, for muscles such as the quadriceps, addition landmarks wrapping around bones are 
needed while the body is in many postures. Kepple et al. created a new musculoskeletal database using 
a large number of specimens and allowing for comparisons of gender and racial variation, but still 
faced problems of software implementation (Kepple et al., 1998). In order to remedy the limitations 
associated with the earlier databases, Delp et al. (1990) created a standard implementation 
musculoskeletal database with the muscle-tendon actuator model proposed by Zajac and Gordon 
(1989). This is a generic model which can be scaled based on the recorded markers placed on 
anatomical landmarks to fit a specific subject. It is worth noting that the musculoskeletal system is 
very intricate and large anatomical variations exist among individuals. Using modern medical imaging 
techniques, e.g. magnetic resonance image or computer tomography, to construct a subject-specific 
musculoskeletal model can generate more accurate and representative analyses (Arnold et al., 2000), 
particularly in persons with deformities. However, the disadvantages of time required and lack of 
standard imaging protocols have largely limited its application. 
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Foot	
   ground	
  contact	
  	
  

An appropriate ground contact model determines how the interaction of the foot and ground will be 
defined during the stance phase, which has often been a challenge in computational simulation. In IAA, 
this was especially substantial for decomposing GRF arising from certain muscles. If assuming the 
biomechanical system to be in rigid contact with the environment, performing the decomposition is a 
relatively straightforward procedure. For example, one can simulate foot-flat phase by fixing the foot 
to the ground, and the corresponding GRF made by an individual muscle force equals the enforcement 
of the kinematic constraints of the fixing joint. The contact point assumptions have varied, from a 
single point located at the center of pressure (COP) (Hamner et al., 2010; Kepple et al., 1997) to 
multiple points distributed over the sole of the foot (Anderson and Pandy, 2003; Pandy et al., 2010). 
When foot contact with the environment was modeled using spring-damping units under the sole, the 
decomposition was more complex. Anderson et al. employed five spring-damping units on each foot, 
whose forces were always on but varied exponentially with displacement (Anderson and Pandy, 1999). 
In a study by Neptune et al. (2001), the contact between the foot and the ground was modeled as 30 
independent visco-elastic elements with Coulomb friction in order to include the mechanical properties 
of a shoe and underlying soft tissues. Different foot-ground contact (FGC) models and kinematic 
constraints applied on the points may influence the computed the muscle functions, which is not 
directly measurable. A theoretical principle of  that the sum of the contributions of all 
forces (e.g. muscles, gravity and centrifugal forces) to the GRF must be equal to the overall GRF 
measured in an experimental motion analysis  has been suggested, in order to gain confidence in the 
computed muscle function (Anderson and Pandy, 2003; Hamner et al., 2010; Pandy et al., 2010). 
However, a recent study has evaluated 3 single and 3 multiple point contact models and stated that 
lower superposition errors do not necessarily imply greater validity in the prediction of muscle 
functions (Dorn et al., 2011).  
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SPECIFIC	
  AIMS	
  

The scope of the thesis is in the biomechanical consequences of gait impairment at the foot and ankle 
joint. Study I  aimed to quantify post-operating foot motion in subjects with treated ankle injury (i.e. 
ankle fractures); Study I I  aimed to investigate the biomechanical contributors to the ankle angle-
moment relationship in healthy and patient groups; Study I I I  aimed to identify the lower limb muscle 
functions in the presence of foot malalignment (i.e. hindfoot inversion or eversion); Study IV aimed to 
study the influence of the foot-ground contact model - kinematic constraints and locations of the COP 
- on the dynamic muscle functions; Study V aimed to identify the necessary compensatory 
mechanisms to overcome excessive co-contraction of ankle muscles and retain a normal walking 
pattern. The specific aims were: 

Study I  

1. To determine whether ankle fractures resulted in kinematic deviations at or around the injured 
area. 

2. To identify the secondary effects caused by unilateral ankle fractures, i.e. motion between 
other segments in bilateral limbs. 

3. To explore whether the clinical ankle function score Olerud/Molander Ankle Score (OMAS) 
was associated with kinematics parameters. 

Study I I  

1. To decompose ankle DJS into individual dynamic components 
2. To explore the hypothesis that the deviations found in DJS compared to normal in two 

different patient groups, juvenile idiopathic arthritis and idiopathic toe walking, can be better 
interpreted through examination of individual components. 

Study I I I  

1. To study the effect of subtalar alignment on the dynamic function of the tibialis anterior, 
gastrocnemius and soleus to accelerate the subtalar, ankle, knee and hip joints. 

2. To compute the forward (propulsion) and vertical (support) acceleration of the body center of 
mass (COM) induced by three muscles and study the effect of the subtalar angle on the 
muscle induced propulsion and support accelerations of COM. 

Study IV 

1. To compare the influence of a fixed joint ground contact model and a moving joint model on 
potential dynamic functions of the gastrocnemius, soleus and tibialis anterior in accelerating 
the lower limb joints. 

2. To analyze the effects of contact joint constraints on potential muscle functions in 
accelerating the lower limb joints. 

3. To determine the influences of a medial and lateral shift of the COP on potential muscle 
functions in accelerating the lower limb joints. 

Study V 

1. To perform muscle-actuated simulations of normal walking in the presence of normal, 
medium and high levels of co-contraction of two ankle antagonistic pairs  pair 1: 
gastrocnemius-tibialis anterior and pair 2: soleus  tibialis anterior.  
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2. To identify compensatory mechanisms of ankle and knee muscles to retain normal walking in 
the presence of excessive ankle muscle co-contraction, by computing induced angular 
accelerations of knee and hip muscles. 
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MATERIALS	
  AND	
  METHODS	
  

Detailed description of all the materials and methods used in this thesis are given in the original 
studies. A summary of these methods are presented here. Subject participation was voluntary. Ethical 
approval for this study was obtained from the local ethics committee. 

SUBJECTS	
  

Study	
  I	
  

Eighteen patients with ankle fractures who were treated with open reduction and internal fixation at 
Karolinska University Hospital participated in a follow-up study using clinical gait analysis including 
a multi-segment foot model. Twelve patients had a lateral malleolar fracture and 6 patients had a 
trimalleolar fracture. An age- and gender-matched control group was gathered from a cohort of healthy 
adults without musculoskeletal disease or history of lower-extremity injury (Table 1).  

Study	
  II	
  

Thirty healthy children without history of neurological or orthopedic disease, 8 children with JIA and 
8 children with ITW were examined in this retrospective study. All subjects were selected from the 
database at the Gait Analysis Laboratory at Karolinska University Hospital. Children with JIA were 
selected with exclusion criteria of 1) history of lower limb surgery and 2) having undergone treatment 
within 4 weeks prior to data collection. Children with ITW were selected with exclusion criteria of 
having undergone any surgical or spasticity-reducing treatment before the data collection (Table 1).  

Study	
  III+IV	
  

Eight healthy adult controls without musculoskeletal disease or history of lower-extremity injury 
participated in these studies (Table 1). 

Study	
  V	
  

Nine healthy adult controls without musculoskeletal disease or history of lower-extremity injury 
participated in the study (Table 1). 
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Table 1: Subjects demography in the Studies I -V 

     Study  I   Study  II   Study    
III  +  IV   Study  V  

  
Ankle  
fracture   Control   JIA3   ITW4   Control   Control   Control  

Number  of  
subjects   18   18   8   8   30   8   9  

Age1  (yrs)   39    
(17  to  64)  

40    
(19  to  64)  

15    
(7  to  17)  

7  
  (6  to  12)  

10    
(7  to  14)  

32    
(23  to  60)  

29    
(27  to  39)  

Male/Female   10/8   10/8   2/6   3/5   17/13   3/5   4/5  

Height2  (cm)   173  (7)   173  (7)   150  (24)   136  (15)   144  (14)   171  (7)   168  (9)  
Body  weight2  

(kg)   76  (15)   72  (12)   40  (20)   35  (14)   38  (11)   63(12)   64  (11)  

1  Median(range)  
                 2  Mean  (S.D.)  

                    3  Juvenile  idiopathic  arthritis  
              4  Idiopathic  toe  walking                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

                 
	
  

GAIT	
  ANALYSIS	
  

Procedure	
  (Studies	
  I	
  -­‐	
  V)	
  

Subjects were tested in 3D gait analysis along a 10m walkway using an 8-camera motion analysis 
system (Vicon MX 40, Oxford, UK). Retro-reflective markers were placed on bony landmarks or 
specific anatomical positions as required by the kinematics models. The subjects walked barefoot at a 
self-selected pace. A series of walking trials were collected to achieve three left and three right trials 
yielding complete data sets in Studies I -I I , and one representative trial was used as normal input 
configuration in Studies I I I -V. In Study V, surface electromyographic (EMG) data (Motion 
Laboratory Systems, Baton Rouge, LA, USA) were recorded for the biceps femoris long head (BFLH), 
rectus femoris (RF), medial gastrocnemius (GAS), soleus (SOL) and tibialis anterior (TA) bilaterally 
according to standardized electrode placement (www.seniam.org)i. 

Model	
  

Study	
  I	
  

All subjects were examined using a modified version of the Oxford foot model (Stebbins et al., 2006). 
The model simplified the foot structure to three rigid segments (tibia, hindfoot, and forefoot) and one 
vector (hallux). The midfoot was regarded as a mechanism transmitting motion between the hindfoot 
and forefoot. All inter-segment motions except the hallux were free of constraints, i.e. six degrees of 
freedom. A set of 18 markers (9 mm) was placed on body landmarks on each side in a static trial, of 
which four were then removed for the dynamic trials (Appendix A).  

                                                      

i  The  detailed  description  of  post-­‐processing  of  EMG  data  can  be  found  in  Paper  V,  section  2.2.  
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A modified method based on a spherical rotation coordinate system (Cheng, 2000) was adopted to 
obtain frontal plane hallux varus/valgus relative to forefoot. A unit vector was used to represent the 
long axis of the hallux segment and the rotation was determined in a reference coordinate XYZ, which 
was assumed to be fixed and aligned to the forefoot segment. Thus hallux varus/valgus can be 
measured as an angle ( ) between the unit vector (r) of the hallux and its projection on the sagittal 
plane of the forefoot (XZ plane, Fig 7).  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 7: Hallux/Forefoot varus or valgus angle 

Study	
  II	
  

All subjects were tested with a conventional full-body or lower body marker set (Appendix B). 

Studies	
  III-­‐V	
  

All subjects were tested with a conventional full-body marker set, plus the modified Oxford foot 
model marker set (Appendix A).  

 

DYNAMIC	
  JOINT	
  STIFFNESS	
  (STUDY	
  II)	
  

Analytical	
  decomposition	
  

The ankle DJS q is defined as  

           (1) 

where  is the sagittal plane ankle angle and, due to the chain rule, Eq. (1) can be represented as: 

           (2) 

Internal dorsi/plantarflexion ankle moment was derived based on the equilibrium equations of inverse 
dynamics (Appendix C and D), can be written as: 
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          (3) 

where  is moment about ankle due to the accelerations (linear and angular), , is moment 
about ankle due to the segment mass,   is moment about ankle due to ground reaction force, all 
in the sagittal plane. From Eqs. (2-3), ankle DJS can be decomposed into three components:  

 

 

            (4) 

Component 1 represents the ratio of changes in GRF moment to changes in ankle angle; Component 2 
represents the ratio of changes in moment due to foot accelerations to changes in ankle angle; 
Component 3 represents the ratio of changes in moment due to foot mass to changes in ankle angle. 

Component 1 was subsequently decomposed further into Eq. (5) 

 

 

            (5) 

where  is the moment arm of the ground reaction force vector . 

Component 1A represents the changes of GRF moment arm times the GRF, and Component 1B 
 

Linear	
  regression	
  

The stance phase was divided into three sub-phases according to (Crenna and Frigo, 2011): early 
rising phase (ERP), late rising phase (LRP), and descending phase (DP)ii. For each sub-phases, a linear 
regression line, minimizing the least square distance between the data points and the line was 
computed to quantify the slope of the curve (Frigo et al., 1996).  

 

INDUCED	
  ACCELERATION	
  ANALYSIS	
  (STUDIES	
  III-­‐V)	
  

The generalized equations-of-motion of a multi-articulated body system (Zajac and Gordon, 1989) can 
be written as: 

                                                      

iiThe  detailed  description  of  sub-­‐phase  definition  can  be  found  in  Paper  II,  section  2.4  

Component 1 Component 2 Component 3 

Component 1A Component 1B 

 

 

numerator  
of component 1 

denominator  
of component 1 
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        (6) 

where  are the vectors of generalized coordinates, velocities and accelerations;  the system 
mass matrix;  the vector of muscle forces;  the matrix of muscle moment arms;  the vector 
of gravitational force;  the vector of velocity-related forces (i.e. centripetal and Coriolis 
forces),  the vector of external force (i.e.  in this thesis). 

Thus the accelerations  are: 

       (7) 

Since  is non-diagonal, any one muscle force , contributes instantaneously to any 
acceleration  in , and thus to all segmental and joint linear and angular accelerations (Zajac et al., 
2002). 

The contribution of an individual muscle force  to the accelerations of the segments  at a certain 
instant is presumed to be the summed contribution arising from  at that instant, and the due to 
the immediately previous trajectory of  (Zajac et al., 2003),  

To analyze the role of the individual muscles, gravitational force and force terms arising from angular 
velocities were set to zero. The acceleration produced solely by muscle forces can be acquired: 

         (8) 

Depending on the explicit constraints described in the section Ground-foot contact model, the term of 
 can be rewritten as: 

           (9) 

where  is the constraint matrix, which maps the constraint forces  to system generalized forces. 
Meanwhile,  is solved to fulfill the defined ground foot contact constraints.  

MUSCULOSKELETAL	
  MODEL	
  	
  

In Studies I I I+IV, a 3D linkage model with 28 segments (including head+neck, torso, arms, pelvis, 
thighs, shanks, patellas, taluses, feet and toes), 30 joints and 88 musculoskeletal actuators was 
developed, based on Delp  model (1990). 

In Study V, a generic model (Arnold et al., 2010) with 14 segments (head+torso, pelvis, femurs, tibias, 
patellas, taluses, calcaneus, toes), 23 DOFs and 96 musculotendon actuators was used. 

Foot-­‐ground	
  contact	
  model	
  

There were two types of foot-ground contact model models, used in 
this thesis as summarized in Table 2. 
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Fixed	
  joint	
  model	
  	
  

Three foot-ground joints were added  
the distal end of the hallux ultiple 

 rotational DOFsiii allowed in each joint.  

In Study I I I , location of the FGC joints was modified to take into account excessive subtalar inversion 
or eversioniv. 

Moving	
  joint	
  model	
  	
  

One moving joint was added, which was moved instantaneously along the COP. 
joint with 3 
that is in contact with a plane defined on another body (ground), where no penetration, no slipping and 
no twisting were allowed (Hamner et al., 2010). 

Table 2: Foot-ground contact models  

Foot-­‐Ground  
Contact  Model  

Constraints     Study  III   Study  IV   Study  V  

Fixed  Joint   Simple  DOF   x   x       
Multiple  DOF        x       

Moving  Joint   Pointv        x       
RollingOnSurface             x  

 

SIMULATION	
  PROCEDURE	
  

Study	
  III	
  

The simulation consisted of 3 major steps, including model scaling (A), inverse kinematics and IAA. 
The analyses were performed using SIMM Dynamic Pipeline and SD/FAST (Symbolic Dynamics, Inc. 
Mountain View, CA). The pipeline is illustrated in Appendix E. In order to simulate the mal-alignment 
of the subtalar joint, excessive subtalar inversion or eversion was modeled by offsetting up to ±20  
from the normal subtalar angle and moving the contact joint accordingly while other configurations 
remain unaltered. 

Model	
  Scaling	
  (A)	
  

cale factor, which was based on the 
distance between the joint centers. The joint center was determined by the locations of the  
markers from the static trial (MusculoGraphics Inc., 2004). The optimal fiber length and tendon slack 
length of each muscle were scaled to preserve the force generating properties of the generic model. 
The mass of the model were scaled to match each  recorded mass. 

                                                      

iii     
iv  The  detailed  modification  of  the  location  of  the  foot-­‐ground  contact  can  be  found  in  Paper  III,  section  2.3  
v     
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Study	
  IV+V	
  

The simulation consisted of 6 major steps, including model scaling (B), inverse kinematics (IK), 
inverse dynamics (ID), residual reduction algorithm (RRA), computed muscle control (CMC), and 
IAA, which were performed in OpenSim 2.4 (Delp et al., 1990). The simulation pipeline of Study V is 
illustrated in Appendix F. 

Model	
  Scaling	
  (B)	
  

The generic musculoskeletal model was used to generate scaled subject-specific models. The 
dimensions of each 
relative distance between experimentally placed marker pairs and marker pairs attached to the model.  
The optimal fiber length and tendon slack length of each muscle were scaled to preserve the force 
generating properties of the generic model. The mass of the model was scaled to match each 
recorded mass. 

Inverse	
  Kinematics	
  

IK is the process of determining the generalized coordinates for the model that best match the 
experimental kinematics recorded for the subject. At each time frame, IK computes generalized 
coordinate values using a weighted least squares optimization problem by minimizing the sum of the 
squared differences between experimental and model markers. 

Inverse	
  Dynamics	
  

ID determines the generalized forces (e.g. net forces and torques) at each joint of a multibody linkage 
system based on the known joint kinematics, inertial properties and external loads (e.g. GRF). The 
mechanical behavior of the multibody linkage is governed by equations of motion derived using 

 2nd law.  

Residual	
  Reduction	
  Algorithm	
  

Due to the errors from modeling assumptions and marker data processing, the kinematics are not 
completely consistent with the measured GRF. The residual forces and moments between the most 
proximal segment (i.e. pelvis) and the ground are needed to drive the model to track the given 
kinematics. The residuals are computed and averaged over the duration of the movement. The COM of 

d by a small amount to reduce the residuals. RRA is then applied to 
alter the kinematics slightly to further reduce the residuals by applying a control algorithm. In other 
words, each generalized coordinate of the model is controlled by an idealized actuator. For instance, 
six DOFs between model and ground are actuated by six residuals, and each joint DOF is actuated by 
an idealized joint moment. RRA runs forward in time to compute the actuator forces to solve a 
optimization problem that will cause the model to move from its current configuration toward its 
desired (Anderson et al., 2006).  

Computed	
  Muscle	
  Control	
  

CMC was used to generate a set of muscle excitations that produce a coordinated muscle-driven 
simulation  First, CMC uses a proportional-derivative control to compute a 
set of desired accelerations which can drive the model toward the experimentally derived coordinates. 
The next step was to solve a static optimization problem by minimizing the sum of the muscle 
activations to compute actuator controls achieving the desired accelerations from the first step, while 
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accounting for muscle activation and contraction dynamics. The final step was to use the computed 
controls to perform a standard forward dynamic simulation. 

Induced	
  Acceleration	
  Analysis	
  

IAA was used to compute accelerations caused by individual forces acting on a model, e.g. induced 
ankle angular accelerations or translational COM accelerations by the gastrocnemius. There are two 
options in performing IAA; one is to use predicted muscle forces (i.e. in Study V) to compute actual 
induced accelerations, another is to quantify the potential contributions of muscles by applying only 
1N of muscle force (i.e. in Study I I I ). 

Co-­‐contraction	
  (Study	
  V)	
  

Identification of agonist and antagonist muscle was performed according to Falconer and Winter 
(Falconer and Winter, 1985). Three co-contractions levels (normal, medium, and high) of two ankle 
joint antagonist pairs (pair 1: GAS  TA, pair 2: SOL - TA) were simulated according to Eq (10). At 
the normal level, the excitations of antagonistic pairs were computed in CMC with experimental EMG 
constraints. The excitation of co-contracted muscle was defined according to Eq. (10). 

            (10) 

where  is excitation of the antagonist muscle under medium or high level co-
contraction,  is excitation of the antagonist muscle under normal co-contraction, 

 is the co-contraction ratio,  is excitation of the agonist muscle under normal 
co-contraction, and  is excitation of the antagonist muscle under normal co-
contraction. A medium level of co-contraction was defined as , and a high level as , 
and were simulated by increasing the antagonist activity (see Fig 1 in Paper V). 

The co-contraction index (CI) vi  was also calculated in normal, medium and high levels of co-
contraction using the computed excitations (Falconer and Winter, 1985). 

 

DATA	
  ANALYSIS	
  

All statistical tests in the thesis were performed using SPSS v14 software (Chicago, IL, USA). The 
significance was determined at the p < 0.05 level. 

Kinematics	
  (Study	
  I)	
  

Discrete kinematics and temporal-spatial parameters were calculated for each gait cycle, and the 
average from the three left and three right gait cycles were used for further statistical analysis. The 
kinematics were represented as relative angles and are summarized in Table 3. 

Kinematics and temporal-spatial parameters were analyzed using a two-way repeated measures 
analysis of variance (ANOVA) with side (injured side and non-injured side) as within-group factor 
and group (ankle fractures and control group) as the between-group factor (Campbell et al., 2007). The 

                                                      

vi  The  definition  of  CI  can  be  found  in  Paper  V,  section  2.5.  
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inter-segment foot kinematics parameter. 

Table 3: Kinematic parameters in Study I  

     Stance  and  Swing  phase  

  

Hindfoot/Tibia                
angle  

Forefoot/Hindfoot  
angle  

Forefoot/Tibia    
angle  

Hallux/Forefoot  
angle  

Sagittal  
plane  

Max  dorsiflexion,    
Max  plantarflexion,  
range  of  motion  

Max  dorsiflexion,            
Max  plantarflexion,  
range  of  motion  

Max  dorsiflexion,  
Max  plantarflexion,  
range  of  motion  

Max  dorsiflexion,  
Max  plantarflexion,  
range  of  motion  

Frontal  
plane  

Max  inversion,                      
Max  eversion,                
average  

Max  supination,              
Min  supination,          
average  

Max  supination,  
Max  pronation,  
average  

    

Transverse  
plane  

Max  internal  rotation,                              
Max  external  rotation,  
ROM  

Max  adduction,                
Max  abduction,                        
range  of  motion  

Max  adduction,        
Min  adduction,            
range  of  motion  

Max  varus,                      
Max  valgus,  
average  

Max:  maximum         
     Min:  minimum  

        
Dynamic	
  joint	
  stiffness	
  (Study	
  II)	
  

Both the analytical decomposition and linear regression were applied to three individual trials per 
subject (left and right sides separately) and a mean value for each side was calculated for each subject 
in each sub-phase. All values were multiplied by 100 for more convenient numerical representation. 
The intraclass correlation coefficient (ICC 2) was determined to test the assumption of agreement in 
ankle DJS computed from linear regression and from analytical decomposition. Data (ankle DJS and 
each component) were analyzed using a two-way repeated measures ANOVA with side as the within-
group factor and group (control group or JIAs, and control group or ITWs) as between-group factor. 
The differences in ankle DJS and its components were also analyzed with an individual one-way 
analysis of covariance (ANCOVA) with walking speed as a covariance to determine whether the 
walking speed influenced the differences between groups.  

Induced	
  joint	
  angular	
  and	
  body	
  center	
  of	
  mass	
  accelerations	
  (Studies	
  III-­‐V)	
  

Study	
  III	
  

The 
acceleration and linear acceleration of body COM were calculated in five subtalar configurations 
(Inversion 20 , Inversion 10 , Normal, Eversion 10 , Eversion 20 ). 

Study	
  IV	
  

In each comparison of FGC models, the 
ankle and subtalar joint angular accelerations were averaged throughout each sub-phase. The absolute 
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mean differences of comparison 3 (medial and lateral shift of COP) were also quantified for each 
subject and averaged across all the subjects to obtain a mean difference in each sub-phasevii.  

Study	
  V	
  

Contributions from the primary ankle dorsiflexors and plantarflexors (GAS, SOL, TA, TP: tibialis 
posterior; PL: peroneus longus; EDL: extensor digitorum longus; EHL: extensor hallucis longus) and 
knee flexors and extensors (HAMS: semimembranosus, semitendinosus and BFLH combined; BFSH: 
biceps femoris short head; GRC: gracilis; SART: Sartorius; VAS: vastus medialis, vastus intermedius, 
and vastus lateralis combined; RF: rectus femoris) to knee and ankle angular accelerations were 
averaged throughout each sub-phaseviii.  

 

 

                                                      

vii  The  definition  of  the  sub-­‐phase  was  identical  as  in  Study  III,  detailed  in  Paper  III,  section  2.2.  
viii  The  definition  of  the  sub-­‐phase  was  detailed  described  in  Paper  III,  section  2.6.  
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RESULTS	
  AND	
  DISCUSSION	
  

MULTI-­‐SEGMENT	
  FOOT	
  KINEMATICS	
  (STUDY	
  I)	
  

The main contribution from this study is that it describes characteristic multi-segmental foot motions 
in patients with ankle fractures one year post-operatively (see Table 4 and Fig 1 in Paper I), which was 
difficult to evaluate clinically. Still, very few gait studies have focused on the ankle joint (see Paper I) 
and this is the first study we know of evaluating post-operative ankle fractures with a multi-segment 
foot model.  

Table 4: Results summery in Study I : inter-segmental kinematics (ROM: range of motion). 

Inter-­‐segmental  
foot  kinematics  

Ankle  fracture  group  Vs.  Control  group  
(Injured  side)  

Injured  side  Vs.  Non-­‐injured  side  
(Ankle  fracture  Group)  

Hindfoot/Tibia        less  max  plantarflexion  (Swing)                                    
less  sagittal  ROM  (Swing)    

Forefoot/Hindfoot   less  transverse  ROM  (stance+swing)   less  transverse  ROM  
(swing+stance)    

Forefoot/Tibia   less  Max  plantarflexion  (swing)                                                              
less  sagittal  ROM  (swing)                                                        
less  Max  adduction  (swing)                            

less  Max  plantarflexion  (swing)                                                      
less  sagittal  ROM(swing)                                                                                      
less  Max  adduction(swing)                                                                            
less  transverse  ROM  
(stance+swing)  

Hallux/Forefoot        less  Max  dorsiflexion                                                                          
less  ROM  (Swing)                                                                                                                                                                                                                                  

 
The finding in this thesis of a smaller ROM in the injured talocrural joint corresponded to previous 
findings and were attributed to stiffness, pain and swelling (Nilsson et al., 2003). Our findings of 
smaller transverse ROM in the forefoot and sagittal ROM in the hallux of the injured side could also 
be a sign of residual joints stiffness following surgery and immobilization. 
 
The observed reduction of less hindfoot and forefoot plantarflexion and hallux dorsiflexion during pre-
swing could be a compensation strategy for the restricted motion of the injured ankle joint, which 
indicates that patients tended to lift rather than push off the foot, prolonging the double-support phase. 
 
Although no direction comparison can be made between our study and the study by Becker et al. 
(1995), our observations of less adducted forefoot in the injured side indicated that the forefoot may be 
the compensation area of the injured ankle. We also found that compared to the controls, the hallux of 
the non-injured foot was in more varus during the stance phase. Further investigation is needed to 
identify whether it was also an influence of the injured ankle. 
 
In our study, the Olerud/Molander ankle score was found to fair-moderately correlate with 
Hindfoot/Tibia peak dorsiflexion and sagittal ROM in the swing phase, which contradicted the study 
by Losch et al. (2002), who did not find significant correlations between gait and clinical parameters 
examined by a different functional score. However, temporal-spatial parameters indicated weak 
correlations with the clinical score both in our and their study. 
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DYNAMIC	
  JOIONT	
  STIFFNESS	
  AND	
  ITS	
  SUB-­‐COMPONENTS	
  (STUDY	
  II)	
  

The main contribution of this study was to propose and investigate the feasibility of decomposing DJS 
analytically into sub-components. We succeeded in identifying biomechanical contributions to the 
ankle DJS by determining pathology-induced changes in subjects with JIA and ITW. As far as we 
know, it is the first attempt to decompose DJS analytically and to evaluate whether individual 
contributors to DJS help to explain differences that can be observed in patient groups. These two very 
different patient groups were specifically chosen to provide a wide spectrum of gait pathologies for 
this study. 

In the control subjects, ankle moment-angle loops showed a counter-clockwise traversed path, which 
agreed with a recent study from Crenna and Frigo (2011). According to our results, the ankle DJS 

- -
definitions by Perry and Burnfield (2010). Similar to a previous study, the ERP and the DP of the 
moment-angle loop at the ankle joint have a relatively similar slope in able-bodied subjects, just 
shifted along the horizontal axis (Frigo et al., 1996). Although there were some differences found in 
the JIA group, the shape of the moment-angle loop was similar to that of controls (see Fig 1 in Paper 
II). The ankle moment-angle loop of the subjects with ITW showed a more complex path due to the 
double bump moment pattern (see Fig 2 in paper II); there was a unique short descending phase 
between the ERP and LRP.  

Using decomposition, ankle DJS can be isolated into three components. Component 1, the term 
representing the ratio of changes of GRF moment to the changes in ankle angle, was the dominant 
contributor, and Components 2 and 3, the terms due to foot accelerations and gravity were negligible 
(see Fig 4 in Paper II).  

Our findings suggest that sub-components 1A and 1B were the primary indicators to identify 
distinctive, intuitive and interpretable DJS patterns in the control and patient groups (Table 5 and Figs 
5A-B in Paper II). Even though the overall DJS can be similar between groups, e.g., in the DP, this 
could be due to a combination of different biomechanical phenomena, which can only be observed 
through analytical decomposition. 

Walking speed was significantly lower in subjects with JIA and ITW, but, no significant associations 
with ankle DJS were found. Nevertheless, some associations were observed between walking speed 
and components 2 and 3. 
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INDUCED	
   JOINT	
   ANGULAR	
   ACCELERATIONS	
   AND	
   BODY	
   CENTER	
   OF	
   MASS	
  
ACCELERATIONS	
  (STUDY	
  III-­‐V)	
  

Study	
  III	
  

The main contribution of this study was to identify how gait deviations in one plane (i.e. excessive 
subtalar inversion or eversion) can affect the dynamic function of the TA, GAS and SOL to accelerate 
joints in other planes (e.g. sagittal plane) and body COM (see Figs 1-4 in Paper III). The findings of 
the current study attempted to shed some light on the relationship between pathological gait and 
individual muscle function by simulating a common ankle malalignment.  

In accordance with a previous study (Kimmel and Schwartz, 2006), in unaltered gait, the muscles 
generally acted as expected , i.e. TA dorsiflexed the ankle, and SOL and GAS plantarflexed the ankle. 
We also found that the GAS can extend knee in the 1st and 3rd rockers, contrary to its anatomical 
description as a knee flexor, which corresponded to a previous report of the bi-
counterintuitive function (Neptune et al., 2004). 

Our findings suggest that less effective ankle dorsi/plantarflexors may result from excessive subtalar 
eversion. This can diminish the GAS  and the SOL
the knee, and increase the TA flex the hip during the 1st rocker, which may lead to a less 
plantarflexed ankle, less extended knee and more flexed hip after initial contact.  

It is worth noting that in normal gait, we found the SOL and GAS to have potentials to evert the 
subtalar joint, which was in contrast with their anatomical function as invertors (Perry, 1992; Neptune 
et al., 2004). This can be interpreted using inertial coupling, where the large plantarflexion 
acceleration generated by the SOL and GAS at the ankle also caused eversion acceleration at the 
subtalar joint. It could overwhelm the inversion accelerations caused by the muscles

 

Our findings of vertical support and forward progression accelerations generated by plantarflexors 
during the late-stance in normal gait corresponded to previously reported findings (Kepple et al., 1997; 
Gottschall and Kram, 2003). The findings of the TA the body and decelerate 
forward progression after initial contact was consistent with its established action to resist foot fall in 
the 1st rocker. In our study, the SOL was also found to have greater decelerating potential in the 2nd 
rocker. Furthermore, e
supporting function, but generated larger support in excessive subtalar eversion.  

Study	
  IV	
  

The main contribution of this study was to illustrate the sensitivity of computed (potential) ankle 
muscle functions to the foot-ground contact models, whose joints had varying locations (comparison 1) 
and DOFs (comparison 2). The influences of medial and lateral COP shift (comparison 3) on the 
potential muscle function were also evaluated. The potential muscle function was determined by 
quantifying the contributions of the GAS, SOL and TA to the angular accelerations of hip, knee, ankle 
and subtalar joints.  

Our findings indicate that both joint locations (i.e., the location of applying constraint force) and 
prescribed DOFs affect the predicted potential muscle function, while the joint locations were more 
influential. muscle induced acceleration (MIA) were 
similar; but more pronounced differences were found in the hip frontal and transverse plane 
accelerations (see Figs 2-3 and Table 1 in Paper IV). This was as expected because the location of 
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application in the horizontal plane (ground) would influence the constraint forces in the frontal and 
transverse planes. 

The influence of COP path are complicated to predict, as MIAs are dependent on the location and 
direction of the joint axis, muscle moment arm, constraint reaction forces and their moment arms. Our 
findings suggest that locations of the COP have considerable effects on the potential muscle functions 
in the non-sagittal plane, though differently for different muscles, joint and sub-phases (see Fig 5-6 
and Table 3 in Paper IV). 

Among all three muscles, only TA  induced accelerations were affected by all three variations in 
FGC models, while GAS  were negligibly influenced by the 
constraint joint of DOFs. 

Study	
  V	
  

to overcome 
increased co-contraction from two antagonistic pairs (GAS-TA and SOL-TA) and retain a normal 
walking pattern. The findings of the study can provide insights into how synergistic muscles and 
proximal muscles adapt to the co-contraction of ankle muscles, which would be helpful in clinical 
interpretation of motion analysis. 

In this study, comparable co-contraction index (CI) as in Falconer and study (1985) can be 
found in normal gait. The highest CI was found during the mid-stance and the lower in the pre-swing, 
which reflected the large demand for ankle stability in body weight support and control of shank 
advancement while stability requirement declined in pre-swing. 

Our findings indicate that with high levels of dorsiflexor/plantarflexor co-contraction, one can still 
perform normal walking through other means; the dynamic equations of motions can be fully satisfied 
under relatively high levels of muscle co-contraction.  

When increased co-contraction in the GAS-TA pair was simulated, the nearby synergistic muscles (e.g. 
SOL for plantarflexion acceleration, and VAS and RF for knee extension acceleration) contributed 
most to compensation and least alterations were noticed in remote joint muscles (see Fig 3-4 in paper 
V). In contrast, with SOL-TA co-contraction, SART and HAMS can provide important compensatory 
roles in knee accelerations (see Fig 5 in paper V). 

We also found that the ankle and knee muscles alone can provide sufficient compensations at the ankle 
joint, but hip muscles must be involved to generate sufficient knee moment. 

GENERAL	
  DISCUSSIONS	
  

Induced	
  Joint	
  Accelerations	
  (Studies	
  III-­‐V)	
  

A muscle can simultaneously accelerate all joints in the body, even those not spanned by the muscles, 
though a muscle can generate a torque about a joint only if it crosses that joint. From a mathematical 
point of view, this is due to the fact that the inverse of the system mass matrix is non-diagonal; any 
one muscle force contributes instantaneously to any acceleration (Eq.7). This phenomenon is referred 
as dynamic coupling, whereby the force applied by a muscle is transmitted through the bones to all the 
joints in the body (Zajac and Gordon, 1989). In Studies I I I  + IV, ankle muscles were found to have 
potentials to accelerate all lower limb joints and in all three planes. In Study V, ankle muscles could 
also accelerate the knee joint and vice versa. Moreover, the knee joint muscles may also be involved in 
the compensation strategy for ankle antagonistic muscle co-contraction. For instance, HAMS and VAS 
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can alter their contributions at the ankle when if tibialis anterior increases its excitation in the 2nd sub-
phase in SOL-TA pair (see Fig 5 in Paper V). 

Dynamic simulation has become an integral part of analyzing human movement, e.g. to understand 
fundamental muscle functions using IAA, but it is still very challenging. The foundation for generating 
simulation relies on musculoskeletal models based on many assumptions, e.g physiological properties 
and paths of muscles and tendons, inertial properties of body segments, the interaction of foot to the 
ground, etc. (Zajac et al., 2002). In this thesis, we have evaluated the induced joint accelerations with 
three FGC models   (Studies I I I+IV) Study IV)  
(Study V) - and opposing contributions from the GAS, SOL and TA were found in the hip and knee 
joints (Table 6), but identical at the ankle and subtalar joints. It is worthy to note that a different 
musculoskeletal model was used in Study V than in Studies I I I+IV. 

Superposition  which refers to that the sum of the contributions of all forces (e.g. muscles, gravity 
and centrifugal forces to the GRF must be equal to the overall GRF measured in an experimental 
motion analysis  has been suggested as a validation method for FGC models and predicted muscle 
forces. We have evaluated that the sum of all contributions due to e.g. muscles, gravity etc. in two 
models Study IV Study V) to the GRF were in 
relatively good agreement with the measured GRF, which may indicate that superposition is not 
sufficient to validate the predicted muscle function. A recent study also suggested that superposition 
error can only quantify the accuracy with which all forces sum to the total GRF; it does not verify the 
calculations of the contributions of the individual action forces themselves (Dorn et al., 2011). Until 
today, muscle forces cannot be measured non-invasively in vivo, which has limited the ability to 
validate the accuracy of muscle force prediction through computational simulations. Previous studies 
mostly have evaluated using EMG data (Steele et al., 2010; Liu et al., 2006; Jansen et al., 2012), but, 
the magnitude of the EMG is difficult to validate and the relationship between muscle force magnitude 
and EMG magnitude is non-linear (Jonkers et al., 2002; Buchanan et al., 2004). In this dissertation, 
EMG was used only to evaluate the timing of muscle excitation in Study V. 

Table 6: The summary of the contributions of gastrocnemius (GAS), soleus (SOL), and tibialis anterior 
(TA) to the hip and knee joints. The shaded region represented that the data was available for comparison 
in all three foot-ground contact models (FGC). The definition of the sub-phase was according the 
definition in Paper I I I  (FLEX: flexion; EXT: extension; ABD: abduction; ADD: adduction; EXTR: 
external rotation; INTR: internal rotation). 

FGC  models  
Hip   knee  

Sagittal   Frontal   Transverse   Sagittal  
2nd   1st   toe-­‐off   1st   2nd   3rd     1st   2nd  

GAS   Fixed   FLEX   ABD   ADD                  EXT       

  
Point   EXT   ADD   ABD  

        
FLEX       

     RollingOnSurface                                          
SOL   Fixed        ABD   ADD   EXTR  

     
     EXT  

  
Point        ADD   ABD   INTR  

     
     EXT  

     RollingOnSurface                                      FLEX  
TA   Fixed        ADD   ABD        INTR   INTR            

  
Point        ABD   ADD  

  
EXTR   EXTR            

  
RollingOnSurface                          
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In Study I I I , we have evaluated the effect of excessive subtalar inversion/eversion on potential muscle 
contributions at lower limb joints, which in fact was the consequences of two factors; one is the 
excessive subtalar joint angle and another is the corresponding location alteration of the foot-ground 
contact joint. Although we have used a different FGC model in Study IV, interestingly, we found that 
the medial and lateral COP shift had opposing influences as the combined factors in Study I I I . For 
instance, the FGC joint location was moved medially in subtalar eversion in Study I I I , which 
corresponded to the case of medial COP shift in Study IV. We observed that the GAS increased its 
potential to evert the subtalar and to plantarflex the ankle (see Fig 2 in Paper III), but the GAS 
decreased its potential to evert the subtalar and to plantarflex the ankle when COP was shifted 
medially (see Fig 7 in Paper IV). 

Co-­‐contraction	
  and	
  dynamic	
  joint	
  stiffness	
  (Studies	
  II+V)	
  

The stiffness of a joint is the result of both passive and active stiffness. Passive stiffness depends on 
the geometry and the tissues surrounding the joint, e.g. capsules, ligaments, and muscles. The muscle 
stiffness can be modulated dynamically, independently of variations in length, through changes in the 
activation level (Latash, 1993). Thus, muscle co-contraction is the mechanism most commonly 
proposed for the regulation of joint stiffness (Holt et al., 2003). This mechanism was demonstrated by 
the results of studies that reported increases in the stiffness of joints associated with voluntary 
increases in the intensity of co-contraction of the muscles acting on them (Gardner-Morse and Stokes, 
2001). We may also expect that DJS is positively correlated to muscle co-contraction at a joint, i.e. 
increased co-contraction can increase the stiffness of the joint. However, a study has reported that the 
co-contraction varied independently from knee DJS during gait in anterior cruciate ligament-deficient 
patients (Gardinier, 2009).  

In Study V, we have simulated ankle plantarflexor/dorsiflexor co-contractions in normal, medium and 
high levels, wherein the ankle DJS was constant. In such cases, the increasing muscle stiffness from an 
antagonistic pair must be compensated for by decreasing co-contraction from other muscles, which is 
an interesting question, but, rather complicated since both local and remote muscles contribute to the 
joint stiffness. 
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CONCLUSIONS	
  AND	
  FUTURE	
  WORK	
  

The objective of the thesis has been to evaluate gait changes and muscle roles due to foot and ankle 
injury, malalignment or pathology-related disorders. Gait analysis, analytical studies and 
computational simulation are independent but integrated methods, and were used in five individual 
studies. The findings of the studies elucidated the important biomechanical consequences of gait 
impairment at the foot and ankle and may be useful in clinical interpretation of motion analyses.  

Study I  presented new data of gait and foot motions in patients one year after ankle fracture surgery. 
Although the clinical functional score showed fairly good post-operative results, some kinematic 
deviations were still observed, even in the non-injured area, e.g. the forefoot. Restricted range of 
motion at and around the injured ankle was believed to be a sign of residual stiffness due to the 
surgery and immobilization, which also possibly led to the secondary motion restriction and deviations 
found in the forefoot and hallux segment. Gait analysis can be considered as an additional dynamic 
post-treatment evaluation for patients with foot injury. The strategy adopted to compensate for ankle 
injury can be used as a reference for future patient evaluations.  

Suggestions for future studies include a 3D multi-segment foot kinetic model and plantar pressure 
analysis. They will help to relate foot motion with kinetics and loading patterns which may lead to a 
better understanding of gait strategy and help in the specific rehabilitation decision-making.  

Study I I  proposed and investigated a new analytical decomposition analysis of ankle dynamic joint 
stiffness (DJS) in healthy subjects and subjects with juvenile idiopathic arthritis and idiopathic toe 
walking. By evaluating individual components of DJS, we found that the group differences were due 
almost entirely to changes in component 1 (the term associated with GRF moment) via different sub-
components. For instance, lower DJS in subjects with juvenile idiopathic arthritis in the early rising 
phase was due to a smaller sub-component 1A (the changes of GRF moment arm times GRF); Large 
DJS in subjects with idiopathic toe walking in the early rising phase was due to large sub-component 
1B (GRF moment arm times changes in GRF). Moreover, changes in ankle angle also influenced ankle 
DJS. The proposed analytical decomposition confirmed our hypothesis that stiffness changes in 
pathological gait could be identified and interpreted using individual components, and was applicable 
in clinical gait evaluation in joint behavior. 

A suggestion for future improvement involves investigation of the correlation between 
activities, physiological changes and ankle joint passive stiffness. This will help to address the 
essential cause of the joint stiffness. In addition, the ankle joint behavior may be completely 
understood only when studied in relation to the other lower limb joints, which could be an interesting 
future extension of the analytical method. 

Study I I I  identified how joint malalignment (subtalar inversion or eversion) can alter the dynamic 
functions of individual ankle dorsiflexors and plantarflexors. It was confirmed that, in normal gait, 
muscles generally act as their anatomical definitions and can also create motion in joints they do not 
span. We also found that excessive subtalar eversion can enhance ankle plantarflexors and tibialis 
anterior . Induced acceleration analysis demonstrated its ability to isolate the contributions 
of individual muscles to a given factor and provided a means to analyze how muscles can create 
motion in joints. Although gait deviations here were manipulated from normal configurations, induced 
acceleration analysis can shed some light on the interaction between pathological gait and individual 
muscle functions.  
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Future improvement considering more accurate foot-ground constraints with underfoot spring 
elements, and real pathological gait data and muscle excitation pattern input will help to create a more 
realistic computational model and provide a better solution to quantify muscle roles in pathological 
gait. In addition, analyses involving kinematics, kinetics and individual muscle function can give a 
whole picture of the biomechanical consequences arising from certain foot deformities or injuries.  

Study IV illustrated the sensitivities of computed potential ankle muscle functions on the parameters 
of the foot-ground contact (FGC) models by quantifying induced lower limb joints accelerations. Our 
findings indicated that both joint locations and prescribed degrees-of-freedom of FGC models affected 
the predicted potential muscle function, with the joint locations more influential. In general, small 
influences were observed in sagittal plane joint accelerations but pronounced influences can be found 
in the non-sagittal planes. In addition, the locations of the center of pressure also have considerable 
effects on the potential muscle functions in the non-sagittal planes, though differently for different 
muscles, joint and sub-phases. Among all three muscles, the tibialis anterior was the only one whose 
induced accelerations were affected by all three variations in FGC models, while the gastrocnemius 
and soleus were influenced trivially by the degrees-of-freedom of the constraint joint. 

Future improvement considering validating muscle excitation pattern will help to improve confidence 
in the superposition error and extend the possibility to study the influence of FGC models on the 
predicted muscle forces considering both the timing and magnitude of muscle excitation pattern. In 
addition, a larger cohort would also help to establish statistical confidence in the results. 

Study V identified how redundancy in muscle contributions to ankle and knee angular accelerations 
during walking allows the central nervous system to compensate for ankle antagonistic muscle co-
contraction to retain a normal walking pattern. Our findings imply that subjects with even a high level 
of the co-contraction can still perform normal walking. The compensatory mechanisms at the knee 
joint can mostly be provided by knee muscles, though plantarflexors play an important role at the 
ankle. The results of the study can be informative for clinical interpretation of motion analyses in 
persons with motion disorders, when secondary muscle co-contraction or deficits may occur 
simultaneously. 

A suggestion for future improvement involves the actual muscle co-contraction pattern from 
pathological populations, which would lend confidence in representing the co-contraction in a 
neuromuscular impairment. It would also be interesting to investigate the static and dynamic relations 
between muscle force and imposed stretches, which was indicated as one of the possible ways that the 
central nervous system modulates the muscle coordination. 
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SUMMARY	
  OF	
  PAPERS	
  

PAPER	
  I	
  

The study aimed to quantify foot kinematics and tempo-spatial changes in patients one year after 
surgically treated ankle fractures. A validated multi-segment foot model was used in 3D gait analysis. 
The gait parameters from 18 subjects were compared to age and gender matched controls. Findings of 
this study showed that unilateral talocrural fractures can still affect other areas in the foot one year 
after the surgery.  

PAPER	
  II	
  

The study aimed to explore the hypothesis that joint stiffness changes in pathological gait could be 
identified and interpreted using individual components. The ankle dynamic joint stiffness was 
analyzed and decomposed into three components in thirty able-bodied children, eight children with 
juvenile idiopathic arthritis and eight children with idiopathic toe-walking during the stance phase of 
gait. Findings of the current study indicate that analytical decomposition can help identify the 
individual contributors to joint stiffness and clarify the sources of differences in patient groups.  

PAPER	
  III	
  

The study aimed to determine how malalignment in one plane (subtalar inversion or eversion) can alter 
the capacity of muscles to generate joint angular and body translational accelerations in other planes 
(e.g. sagittal plane). Induced acceleration analysis was used to compute the accelerations produced by 
the gastrocnemius, soleus and tibialis anterior in five subtalar inversion or eversion configurations. 
Excessive subtalar everison was found to enhance the ankle dorsiflexor  and  

PAPER	
  IV	
  

This paper described a parametric study on eight healthy adults to analyze how sensitive the muscle-
 parameters of the rigid foot-ground contact model. We 

quantified induced accelerations by the gastrocnemius, soleus and tibialis anterior at the hip, knee, 
ankle and subtalar joints. We compared two types of 
joints under the foot and a 
pressure. Findings of the current study indicate that care should be taken in applying appropriate 
constraints and locations of the foot-ground contact joints, especially in investigations of frontal and 
transverse plane joint accelerations. 

PAPER	
  V	
  

The purpose of this study was to identify the necessary compensation strategies to overcome excessive 
antagonistic muscle co-contraction at the ankle joint and retain a normal walking pattern. Muscle-
actuated simulation of normal walking and induced acceleration analysis were performed to quantify 
compensatory mechanisms of primary ankle and knee muscles in the presence of normal, medium and 
high levels of co-contraction of two antagonistic pairs in single-limb stance and pre-swing phases. The 
study showed that if the co-contraction level increases, the nearby synergistic muscles can contribute 
most to compensation.  
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APPENDIX	
  

Appendix A: Marker name and placement of modified Oxford foot model. 

Fig A1: Marker placement frontal (left) and lateral view (right) 

 

 

Table A1: Names and positions of markers 

Marker  Name   Position   Segment  
L/RMKN   Left/Right  medial  femoral  condyle   Femur  
L/RLKN   Left/Right  lateral  femoral  condyle   Femur  
L/RHFB   Left/Right  head  of  fibular   Tibia  
L/RTUB   Left/Right  tibial  tuberosity   Tibia  
L/RSHN   Left/Right  anterior  aspect  of  shin   Tibia  
L/RMMA   Left/Right  medial  malleolus   Tibia  
L/RANK   Left/Right  lateral  malleolus   Tibia  
L/RPCA   Left/Right  posterior  medial  aspect  of  heel   Hindfoot  
L/RCPG   Left/Right  wand  marker  on  posterior  calcaneus   Hindfoot  
L/RHEE   Left/Right  posterior  distal  aspect  of  heel   Hindfoot  
L/RLCA   Left/Right  lateral  calcaneus   Hindfoot  
L/RSTL   Left/Right  sustentaculum  tali   Hindfoot  
L/RP1M   Left/Right  base  of  first  metatarsal   Forefoot  
L/RP5M   Left/Right  base  of  fifth  metatarsal   Forefoot  
L/R1DM   Left/Right  head  of  first  metatarsal   Forefoot  
L/R5DM   Left/Right  head  of  fifth  metatarsal   Forefoot  
L/RTOE   Left/Right  marker  between  second  and  third  metatarsal  heads   Forefoot  
L/RHLX   Left/Right  base  of  hallux   Hallux  
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Appendix B: Marker placement for the whole body model set (Plug In Gait, Vicon, Oxford, UK) 
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Appendix C: Free body diagram of the foot and leg in stance phase 
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Appendix D: The equilibrium equations of inverse dynamics (sagittal plane) 

With the free body diagram of the foot segment (Appendix B), we have the equations: 

           (1) 

            (2) 

With the mass of foot , linear acceleration , 
we then get  

      (3) 

       (4) 

Where joint reaction force , foot segment angular 

acceleration , and is the external joint reaction moment in the x-direction (dorsi/plantarflexion 
moment). 

From Eq. (3), we can get: 

         (5) 

From Eq. (5) and Eq. (4) with moments summe  

    (6) 

From Appendix C, we know,  

           (7) 

From Eq (6) and Eq (7), we can get: 

     (8) 

We can then define: 

         (9) 

          (10) 

       (11) 

Where  is moment about ankle due to the accelerations (linear and angular),  is moment 
about ankle due to the segment mass,   is moment about ankle due to ground reaction force, 
and we let . Eq. (11) can be rewritten as 
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          (12) 

         (13) 

Where  is the internal dorsi/plantarflexion moment. 
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Appendix E: Simulation pipeline of Study I I I  
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Appendix F: Simulation pipeline of Study V 
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One year follow-up after operative ankle fractures: A prospective gait analysis
study with a multi-segment foot model
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aDepartment of Mechanics, Royal Institute of Technology, SE-100 44 Stockholm, Sweden
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1. Introduction

Fractures of the ankle joint are one of the most common intra-
articular injuries of the lower extremity, probably due to the high
forces it withstands and the mass it supports [1]. Several
investigators have reported short- and long-term results after
surgery. However, radiographic assessment and subjective func-
tional evaluations have been the main instruments to determine
the results [2,3,4].

The human foot, the only body segment that acts on an external
surface in upright, unsupported positions, supports and balances
the body during gait. Ankle injuries, foot pain and dysfunctionmay
affect its ability to copewith uneven ground andmaintain dynamic
stability [5]. Dynamic foot and ankle motion has been studied
using mathematical modeling [6] and cadaveric specimen
measurements [7]. Techniques for objective evaluation of gait
have been utilized in assessment of patients with cerebral palsy
[8], myelomeningocele [9], and rheumatoid arthritis [10], among
others. Three-dimensional gait analysis provides objective infor-
mation about gait changes, which may help document disease

progression or improvement [11]. However, the conventional gait
model representing the foot as a single segment with a revolute
ankle joint can only document the ankle motion in the sagittal
plane, which is not adequate to describe complex three-dimen-
sional foot motion [12]. During the last few years, various multi-
segment foot models have been developed and applied to describe
normal and pathological gait [13,14,15].

Few gait studies have focused on ankle fractures. Lowerwalking
velocity, decreased stride length and reduction of the internal
dorsiflexion moment in the injured ankle joint immediately
following heel contact were observed in a 1-year surgical
treatment follow-up study [16]. Although gait asymmetry was
found in a plantar pressure distribution study, no control subjects
with perfect symmetry were found either [17]. It was believed that
most compensation mechanisms for the hindfoot probably occur
in the forefoot [17].

The aim of the present study was to quantify foot motion
changes in patients with ankle fractures 1 year after open
reduction and internal fixation (ORIF) and compare those findings
with amatched control group. The specific aimswere to determine
whether:

(1) The injury resulted in a decreased range of motion (ROM) at or
around the injured area.

Gait & Posture 31 (2010) 234–240
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A B S T R A C T

Ankle fractures are one of the most common lower limb traumas. Several studies reported short- and
long-term post-operative results, mainly determined by radiographic and subjective functional
evaluations. Three-dimensional gait analysis with a multi-segment foot model was used in the current
study to quantify the inter-segment foot motions in 18 patients 1 year after surgically treated ankle
fractures. Data were compared to that from gender- and age-matched healthy controls. The correlations
between Olerud/Molander ankle score and kinematics were also evaluated. Patients with ankle fractures
showed less plantarflexion and smaller range of motion in the injured talocrural joint, which were
believed to be a sign of residual joint stiffness after surgery and immobilization. Moreover, the forefoot
segment had smaller sagittal and transverse ranges ofmotion, less plantarflexion and the hallux segment
had less dorsiflexion and smaller sagittal range of motion. The deviations found in the forefoot segment
may contribute to the compensation mechanisms of the injured ankle joint. Findings of our study show
that gait analysis with amulti-segment foot model provides a quantitative and objective way to perform
the dynamic assessment of post-operative ankle fractures, and makes it possible to better understand
not only how the injured joint is affected, but also the surrounding joints.
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(2) Motion between other segments in either limb was affected by
the unilateral ankle fractures, i.e. whether secondary restric-
tion or increase of motion exists. Since these secondary effects
are unknown, complete kinematics between all segments
(tibia, hindfoot, forefoot, and hallux) are presented.

(3) The ankle functional outcomes measured by Olerud/Molander
ankle score (OMAS) were associated with altered kinematics
observations [18].

2. Methods

2.1. Subject

Eighteen patients with unilateral ankle fractures who were treated with ORIF at
the Department of Orthopaedic Surgery at Karolinska Institutet University Hospital
November 2005 to December 2006, were invited to participate in a follow-up study
using clinical gait analysis including a multi-segment foot model at least 1 year
post-operatively. All patients were selected on the basis of availability and
willingness to participate. Twelve patients had a lateral malleolar fracture and six
had a trimalleolar fracture. One patient with a lateral malleolar fracture had
suffered an infection that required oral antibiotics and revision surgery. Themedian
age (range) of the 18 ankle fracture patients was 39 (17–64) years and 10 were
male. The average height and body weight were 173 cm and 76 kg. The mean (S.D.)
follow-up time was 13 (3) months post-operatively. An age- (median: 40, range:
19–64 years) and gender-matched control group (average height: 172 cm and body
weight: 72 kg) was gathered from a cohort of healthy adults without musculoske-
letal disease or history of lower-extremity injury. Ethical approval for this study
was obtained. All subjects participated with written informed consent.

2.2. Treatment methods

All patients received the department’s standardized treatment. Severely
dislocated fractures were adequately reduced on admission and immobilized in
a semicircular cast. General indication for surgerywas incongruity of the ankle joint
and/or displacement of >2 mm in any plane on the X-ray. ORIF according to the AO
principle [19] was performed. Transfixation of the syndesmosis was performed in
all type C fractures1 or if pathological movement was found at intraoperative
testing. Post-operatively, the ankle was elevated and immobilized in a semicircular
cast for 1–2 days, then in a circular cast. Partial or full weight bearing on crutches
was allowed and instructed by a physiotherapist. All patients were examined two
and six weeks after surgery with regards to wound healing and function. After six
weeks the external fixation was terminated and the patients were again instructed
by a physiotherapist concerning movement and weight bearing. All patients
received a written training program and were offered further training in an ankle
fracture group. The patients were evaluated by a physiotherapist 6 and 12 months
post-operatively and the OMAS was recorded. The OMAS is a self-reported
functional outcome score, designed for evaluating symptoms after ankle fractures.
The score includes nine questions regarding pain, stiffness, swelling, stair-climbing,
running, jumping, squatting, supports and activities of daily life. It ranges from 0
(totally impaired) to 100 (completely unimpaired)[18].

2.3. Multi-segment foot model

Amodified version of the Oxford FootModel (Stebbins et al. [14]) was used in the
study. The model simplified complex anatomical foot structure to three rigid
segments (tibia, hindfoot, and forefoot) and one vector (hallux). The midfoot was
regarded as a mechanism transmitting motion between the hindfoot and forefoot.
All inter-segment motions except hallux motion were three-dimensional. Euler
angles were calculated for inter-segment rotation following the sequence of Grood
and Suntay (flexion, adduction, and rotation) [21]. The following motions were
determined: hindfoot relative to tibia (Hindfoot/Tibia), forefoot relative to hindfoot
(Forefoot/Hindfoot), forefoot relative to tibia (Forefoot/Tibia), and hallux relative to
forefoot (Hallux/Forefoot).

Sincemetatarsophalangeal joints were of interest, a modifiedmethod based on a
spherical rotation coordinate system [22] was created to obtain frontal hallux joint
rotation (varus/valgus) relative to the forefoot. A unit vector was used to represent
the long axis of the hallux segment and the rotation was determined in a reference
coordinate system which was assumed to be fixed to and aligned with the forefoot
segment. Thus Hallux/Forefoot varus/valgus can be measured as an angle between
the unit vector of the hallux and its projection on the sagittal plane of the forefoot.

2.4. Gait analysis

All patients walked barefoot along a 10 m walkway at a self-selected speed. 3D
gait analysis with an 8-camera motion system (Vicon MX 40, Oxford, UK) was
performed. A set of 36markers (9 mm)was placed bilaterally on bony landmarks to

model the tibia, hindfoot, forefoot and hallux based on the multi-segment foot
model (Stebbins et al. [14]). Series of barefoot walking trials were collected to
achieve three left and three right trials yielding complete data sets for each subject.
Discrete kinematics and temporal-spatial parameters were calculated for each gait
cycle, and the averages from the three left and three right gait cycles were used for
further analysis.

2.5. Statistics analysis

Data (inter-segment foot kinematics and temporal-spatial parameters) were
analyzed initially using a two-way repeated measures ANOVA with side (injured
side or non-injured side) as the within-group factor and group (ankle fractures or
control group) as the between-group factors. Right and left side data from the
control group were randomized and matched to the fracture group’s injured and
non-injured sides, to eliminate possible bias due to a dominant side. If a significant
interaction (p ! 0.05) was found between factors, simple main effects tests were
performed, i.e. effects of one factor holding the other factor fixed. One procedure,
suggested by Kirk [23], to correct the error rate for these tests is to assign the same
error rate to the collection of tests as that allotted to the ‘‘family’’. The simple main
effects sums of squares represent a partition of families (just asmany as the number
of effects in the model). Therefore the overall error rate is 0.05 times the number of
‘‘families’’. The Bonferroni procedure can then be used for the simple tests (the
overall error rate divided by the number of simple main effects tests). For our
analysis, each simple main effects F-statistic was evaluated at the 0.15/4 = 0.0375
level of significance [23]. The Spearman’s rank correlation coefficient was used to
identify associations between OMAS and inter-segment foot kinematics para-
meters.

3. Results

3.1. Kinematics

3.1.1. Hindfoot/Tibia motion
A group-side interaction was determined in the Hindfoot/Tibia

peak plantarflexion in both the stance (p = 0.048) and swing phases
(p < 0.001), and sagittal ROM (p < 0.001) in the swing phase (Fig. 1,
Table 1). In the fracture group, the injured side was less
plantarflexed (p = 0.003) and showed less ROM (p = 0.002) in the
swing phase than the non-injured side. No significant differences
were found in the frontal or transverse planes.

3.1.2. Forefoot/Hindfoot motion
A group-side interaction was determined in the Forefoot/

Hindfoot transverse ROM in both stance (p = 0.050, Fig. 1, Table 2)
and swing phase (p = 0.001), where the injured side showed less
ROM than both the non-injured side (stance: p = 0.020, swing:
p = 0.007) and control (swing: p = 0.021). No significant differences
were found in the sagittal and frontal plane.

3.1.3. Forefoot/Tibia motion
A group-side interaction was determined in the Forefoot/Tibia

peak plantarflexion (p < 0.001), sagittal ROM (p<0.001), peak
adduction (p = 0.040), and transverse ROM (p = 0.013) in the swing
phase (Fig. 1, Table 3). Compared to the non-injured side and to
controls, the injured side showed less plantarflexion (p = 0.001,
p = 0.037). Compared to the non-injured side, the injured side
showed less adduction (p = 0.030), and smaller ROM in the sagittal
(p < 0.001) and transverse planes (p = 0.030). No significant
differences were found in the frontal plane.

3.1.4. Hallux/Forefoot motion
A group-side interactionwas determined in the Hallux/Forefoot

peak dorsiflexion (p = 0.021) and sagittal ROM (p = 0.010) in the
swing phase, peak varus (p = 0.020), peak valgus (p = 0.031) and
average varus (p = 0.019) in the stance phase (Fig. 1, Table 4).
Compared to the non-injured side, in the sagittal plane, the injured
side was less dorsiflexed (p = 0.011) and had a lower ROM
(p = 0.005) in the swing phase. Compared to the control, the
non-injured side showed a higher ROM (p = 0.012) in the sagittal
plane in the swing phase, and a higher peak and average varus
angle (p = 0.003, p = 0.020) in the stance phase.1 Weber type C fractures [20] (fibular fracture above the level of syndesmosis).
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3.1.5. Temporal-spatial parameters
Walking speed, stride length, and step length were normalized

by subjects’ limb lengths. A group-side interactionwas determined
in the stride length (p = 0.040), single-support time (p = 0.020) and
foot-off time (p = 0.001). Compared to the non-injured side, single
support time on the injured side was shorter (p = 0.003) and foot-
off time was earlier (p = 0.003). Compared to the control, stride
length (injured: p = 0.030, non-injured: p = 0.020) was shorter, and
foot-off time was delayed in the non-injured side (p = 0.002).

3.1.6. OMAS and gait parameters
Median OMAS was 85 points in the present study. A significant

but fair-moderate correlation was determined between OMAS and
Hindfoot/Tibia peak dorsiflexion (r = 0.60, p = 0.010), sagittal ROM
(r = 0.50, p = 0.040) in the swing phase, and frontal ROM (r = 0.50,
p = 0.040) in the stance phase. Forefoot/Hindfoot transverse ROM
(r = 0.48, p = 0.050), Forefoot/Tibia frontal ROM (r = 0.51,
p = 0.040), and peak adduction (r = 0.54, p = 0.030) were found
moderately correlated with OMAS. Moreover, Hallux/Forefoot

sagittal (r = 0.49, p = 0.040) and transversal (r = 0.47, p = 0.050)
ROM revealed fair correlation with OMAS.

4. Discussion

Very few gait studies have focused on the ankle joint and this is
the first study we know of evaluating post-operative ankle
fractures with a multi-segment foot model. Despite the apparent
symmetry present in the figures, the current study showed that a
number of statistical differences between the injured and the non-
injured sides; compared to the non-injured side, patients with
ankle fractures displayed less plantarflexion and decreased ROM in
the injured talocrural joint. The halluxwas less dorsiflexed and had
a smaller sagittal ROM. Compared to both controls and to the non-
injured side, the injured side’s forefoot was less plantarflexed and
adducted in the swing phase, and had smaller ROM in the sagittal
and transverse planes. Significant alterations in temporal-spatial
parameters associated with decreased step and stride length were
also observed. The findings indicated that even with fairly good

Fig. 1.Multi-segment foot kinematics (8) in sagittal, frontal and transverse planes. Mean traces of ankle fracture patients’ injured and non-injured limb, and average trace of
left and right limb of controls are shown in the figure (not used for any statistical calculation). Arrows illustrate differences found within the fracture group (i.e. injured vs.
non-injured side). Dotted lines at 60% of the gait cycle illustrate the average toe-off time (Dorsi: dorsiflexion, Plan: plantarflexion, Inv: inversion, Ever: eversion, Ext: external
rotation, Int: internal rotation, Sup: supination, Pron: pronation, Add: adduction, Abd: abduction, Var: varus, Valg: valgus).
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Table 2
Forefoot/Hindfoot kinematics during gait. Mean (standard deviation) values with respect to side and group are shown in degree (8).

Group Side Dosiflexion plantarflexion (sagittal plane) Supination/pronation (frontal plane) Adduction/abduction (transverse plane)

Stance Swing Stance Swing Stance Swing

Max.
Dorsi1

Max.
Plan2

ROM3 Max.
Plan

Min.
Plan

ROM Max.
Sup4

Min.
Sup5

Avg.
Sup/Pron

Max.
Sup

Min.
Sup

Avg.
Sup/Pron

Max.
Add6

Max.
Abd7

ROM*,&,# Max.
Add

Min.
Add ("Abd)

ROM*,&,#

FG8 IS9 4.7 (5.7) 9.8 (5.3) 14.5 (3.6) 9.2 (5.4) 3.5 (5.8) 5.7 (2.0) 7.4 (9.4) 0.9 (9.2) 3.6 (9.9) 6.3 (8.9) 1.5 (9.1) 3.4 (8.6) 2.4 (6.8) 4.8 (5.8) 7.2 (1.7) 0.5 (6.6) "2.8 (6.2) 3.3 (0.9)
NIS10 5.4 (4.1) 10.4 (5.7) 15.8 (3.9) 9.9 (5.7) 3.2 (5.2) 6.7 (2.2) 7.9 (6.5) 1.0 (7.2) 3.7 (6.6) 6.9 (6.3) 2.2 (6.9) 4.2 (6.4) 4.0 (6.0) 4.5 (5.1) 8.5 (2.4) 2.1 (5.4) "2.5 (5.3) 4.6 (1.9)

CG11 IS-cont12 3.4 (2.9) 11.5 (3.9) 14.9 (3.4) 10.5 (4.0) 3.8 (3.8) 6.7 (3.0) 9.4 (4.7) 3.2 (4.5) 5.7 (4.9) 8.5 (4.5) 4.1 (4.6) 5.8 (4.7) 5.7 (6.2) 3.0 (5.0) 8.7 (2.8) 3.8 (5.9) "0.8 (5.2) 4.6 (2.1)
NIS-cont13 3.8 (4.8) 11.6 (5.2) 15.4 (3.6) 10.3 (4.9) 4.0 (4.7) 6.3 (2.8) 9.5 (5.5) 2.9 (5.2) 5.7 (5.1) 8.3 (5.2) 4.1 (5.6) 5.6 (5.2) 7.4 (5.6) 1.1 (5.2) 8.5 (2.6) 5.2 (5.8) 1.4 (5.4) 3.8 (1.7)

1Dorsiflexion; 2Plantarflexion; 3Range of motion; 4Supination; 5Pronation; 6Adduction; 7Abduction; 8Fracture group; 9Injured side; 10Non-injured side; 11Control group; 12Control injured side; 13Control non-injured side;
*Significant side and group interactions using repeated ANOVA test; &Significant side differences within fracture group using Bonferroni adjustments; #Group differences respect to injured side using Bonferroni adjustments.

Table 1
Hindfoot/Tibia kinematics during gait. Mean (standard deviation) values with respect to side and group are shown in degree (8).

Group Side Dorsiflexion/plantarflexion (sagittal plane) Inversion/eversion (frontal plane) Internal/external rotation (transverse plane)

Stance Swing Stance Swing Stance Swing

Max.
Dorsi1

Max.
Plan2,*

ROM3 Max.
Dorsi

Max.
Plan*,&

ROM*,& Max.
Inv4

Max.
Ever5

Avg. Inv/Ever
("Ever)

Max.
Inv

Max.
Ever

Avg. Inv/Ever
("Ever)

Max.
Int6

Min.
Ext7

ROM Max.
Int

Min.
Ext

ROM

FG8 IS9 9.4 (3.7) 10.6 (5.8) 20.0 (5.0) 6.9 (2.7) 9.1 (6.3) 16.0 (6.2) 5.7 (10.1) 4.9 (8.7) "2.3 (8.9) 4.8 (9.9) 3.0 (9.7) 0.0 (10.1) 11.2 (4.3) 2.9 (5.4) 8.3 (2.5) 8.0 (5.2) 2.7 (5.5) 5.3 (1.7)
NIS10 8.5 (4.3) 12.3 (6.4) 20.8 (5.5) 6.6 (3.6) 12.5 (6.1) 19.1 (4.5) 4.5 (5.9) 6.1 (6.2) "3.5 (6.4) 4.2 (6.4) 3.7 (6.6) "0.7 (6.7) 10.8 (6.4) 1.6 (6.4) 9.2 (2.3) 8.7 (7.4) 1.6 (6.5) 7.1 (3.0)

CG11 IS-cont12 10.2 (3.2) 12.1 (4.2) 22.3 (5.7) 6.8 (2.8) 12.0 (5.0) 18.8 (5.8) 2.3 (5.4) 7.3 (4.8) "4.9 (4.9) 1.6 (5.0) 5.5 (5.0) "2.7 (5.4) 10.7 (5.2) 1.8 (4.8) 8.9 (3.0) 7.9 (4.3) 2.5 (4.2) 5.4 (1.5)
NIS-cont13 11.2 (3.5) 10.7 (4.3) 21.9 (4.9) 7.7 (3.3) 9.2 (5.5) 16.9 (4.9) 4.0 (4.9) 6.9 (5.0) "4.5 (5.0) 3.0 (5.5) 4.7 (4.6) "1.9 (5.0) 11.0 (5.4) 1.8 (4.9) 9.3 (2.6) 8.6 (4.7) 2.9 (5.5) 5.7 (2.2)

1Dorsiflexion; 2Plantarflexion; 3Range of motion; 4Inversion; 5Eversion; 6Internal rotation; 7External rotation; 8Fracture group; 9Injured side; 10Non-injured side; 11Control group; 12Control injured side; 13Control non-injured side;
*Significant side and group interactions using repeated ANOVA test; &Significant side differences within fracture group using Bonferroni adjustments; #Group differences respect to injured side using Bonferroni adjustments.
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Table 4
Hallux/Forefoot kinematics during gait. Mean (standard deviation) values with respect to side and group are shown in degree (8).

Group Side Dorsiflexion/plantarflexion (sagittal plane) Varus/valgus (transverse plane)

Stance Swing Stance Swing

Max. Dorsi1 Min. Dorsi ROM2,*,& Max. Dorsi*,& Min. Dorsi ROM*,&,z Max. Var3

("Valg)*,&,z
Max. Valg4,*,&,z Avg. Var/Valg

("Valg)*,&,z
Max. Valg* Min. Valg Avg. Var/Valg

("Valg)

FG5 IS6 27.1 (10.0) 1.2 (3.8) 25.9 (10.2) 19.9 (8.8) 5.9 (5.4) 14.0 (5.7) 0.8 (7.2) 18.4 (8.4) "2.0 (7.4) 19.1 (8.4) 12.9 (7.7) "16.5 (7.8)
NIS7 31.1 (9.9) 0.6 (5.3) 30.6 (8.6) 25.0 (9.8) 7.2 (5.4) 17.9 (6.1) 5.6 (7.1) 14.9 (7.0) 2.3 (6.8) 16.8 (6.5) 10.3 (7.0) "14.4 (6.4)

CG8 IS-cont9 31.1 (8.5) 4.9 (4.1) 27.1 (6.5) 23.1 (7.5) 8.9 (5.1) 14.2 (5.7) 0.3 (6.6) 18.9 (6.8) "2.6 (6.4) 19.4 (6.8) 14.0 (7.1) "17.3 (7.0)
NIS-cont10 31.3 (6.7) 3.4 (4.3) 27.9 (5.0) 21.8 (5.2) 8.8 (4.8) 13.0 (5.1) "1.4 (6.1) 20.6 (7.1) "4.5 (5.7) 21.1 (7.6) 15.2 (7.3) "18.9 (7.5)

1Dorsiflexion; 2Range ofmotion; 3Varus; 4Valgus; 5Fracture group; 6Injured side; 7Non-injured side; 8Control group; 9Control injured side; 10Control non-injured side; *Significant side and group interactions using repeated ANOVA
test; &Significant side differences within fracture group using Bonferroni adjustments; zGroup differences respect to non-injured side using Bonferroni adjustments.

Table 3
Forefoot/Tibia kinematics during gait. Mean (standard deviation) values with respect to side and group are shown in degree (8).

Group Side Dorsiflexion/plantarflexion (sagittal plane) Supination/pronation (frontal plane) Adduction/abduction (transverse plane)

Stance Swing Stance Swing Stance Swing

Max.
Dorsi1

Max.
Plan

ROM3 Max.
Plan*,&,#

Min.
Plan

ROM*,&,# Max.
Sup4

Max.
Pron5

Avg.
Sup/Pron

Max.
Sup

Max.
Pron

Avg.
Sup/Pron

Max.
Add6

Min. Add7

("Abd)
ROM Max.

Add*,&,#
Max.
Abd

ROM*,&

FG8 IS9 13.7 (6.0) 19.0 (7.6) 32.7 (7.1) 16.7 (8.6) 1.5 (6.0) 18.2 (8.2) 10.9 (5.6) 2.7 (3.5) 1.3 (3.2) 8.0 (3.6) 0.2 (6.2) 3.0 (5.7) 13.2 (5.9) "0.2 (5.1) 13.4 (4.0) 7.4 (6.5) 0.7 (5.8) 6.7 (2.2)
NIS10 13.7 (6.0) 22.0 (6.7) 35.8 (6.4) 22.2 (6.1) 1.5 (3.8) 23.7 (4.6) 10.0 (3.7) 3.4 (2.5) 0.0 (2.4) 8.3 (3.5) 0.5 (4.2) 2.8 (4.1) 14.1 (7.0) "0.9 (5.5) 15.0 (3.6) 9.9 (8.5) 0.5 (6.6) 9.4 (3.8)

CG11 IS-cont12 13.1 (3.0) 23.6 (6.6) 36.8 (6.8) 22.5 (7.6) 0.6 (4.0) 23.1 (7.0) 9.4 (3.7) 2.2 (3.0) 0.7 (3.1) 8.0 (3.6) 0.8 (3.3) 2.5 (4.2) 15.8 (7.2) 0.5 (5.0) 15.4 (4.4) 10.5 (6.3) 2.6 (5.2) 7.9 (3.4)
NIS-cont13 14.7 (4.0) 22.3 (8.1) 37.0 (6.7) 19.5 (5.2) 1.9 (5.2) 21.4 (7.1) 10.8 (3.0) 2.8 (5.0) 0.9 (4.2) 9.4 (2.7) 0.4 (5.0) 3.5 (4.1) 18.0 (4.9) 2.7 (4.8) 15.3 (4.6) 12.8 (4.9) 5.3 (5.0) 7.5 (3.4)

1Dorsiflexion; 2Plantarflexion; 3Range ofmotion; 4Supination; 5Pronation; 6Adduction; 7Abduction; 8Fracture group; 9Injured side; 10Non-injured side; 11Control group; 12Control injured side; 13Control non-injured side, *Significant
side and group interactions using repeated ANOVA test; &Significant side differences within fracture group using Bonferroni adjustments; #Group differences respect to injured side using Bonferroni adjustments.
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OMAS, the injured ankle joint was not fully recovered and tended
to affect other joints in the foot.

Losch et al. [16] examined gait in 20 patients 1 year after
surgically treated ankle fractures. The authors found walking
speed and step length to be decreased. The current study
demonstrated a similar decrease in step length, but unlike Losch
et al., the slightly lower walking speed found in the patients with
ankle fractureswas not significant. Additional slight alterations, i.e.
shorter single-support time (injured 0.40 s, non-injured 0.41 s) and
earlier foot-off time (injured 59.63% gait cycle, non-injured 60.77%
gait cycle) in the injured sidewere noticed in the current study, but
the small magnitude of the differences can be considered clinically
irrelevant.

In the current study, limited motion was observed not only in
the injured ankle joint, but also in other joints in the foot.
Compared to the non-injured side, decreased sagittal and
transversal ROM were found in the forefoot, and reduced sagittal
ROMwas observed in the hindfoot and hallux segments. Restricted
movement in the ankle was noted by some authors and was
attributed to pain and joint stiffness, depending on the severity of
the injury. Lindsjö et al. [24] reported that the capacity for
dorsiflexion and plantarflexion was restricted up to 108 in 31% and
17% respectively of 162 follow-up ankle fracture patients. More
than half of patients experienced pain, stiffness and swelling in a
14-month follow-up study after surgical treatment of ankle
fractures [25]. However, it is noteworthy that decreased ankle
ROM was also found in a gait analysis with 20 patients indicating
good clinical results and no deficit complaints. Authors suggested
that it could be due to an adapted and internalized strategy for
unloading the injured joint [16].

In this study, the injured side was found to have a less
plantarflexed hindfoot, forefoot, and a less dorsiflexed hallux
during pre-swing than the non-injured side. In normal gait, the
ankle and foot rapidly move to be largely plantarflexed in pre-
swing, preparing for initial-swing. At the same time, the toe
extensor muscle helps to dorsiflex the toes to clear the foot. It
remains unclear whether the gait deviations observed here were
adapted strategies for restricted motion of the ankle joint. One
interpretation could be that patientswith ankle fractures tended to
lift rather than push off the foot, and prolong the double-support
phase. Further observations of knee and hip kinematics may be
useful to confirm our findings.

Becker et al. [17] examinedwhether surgical treatment of ankle
fractures led to gait symmetry by measuring plantar pressure
distribution. They found different pressure distributions in some
locations between the injured and non-injured limbs, both in
patientswith good andwith poor clinical results. Increased loading
in the lateral forefoot of the injured limb in patients with good
results and decreased pressure under the metatarsal heads of
patients with poor results were reported. Authors suggested that
the forefoot is probably the area of compensation mechanism for
fractures of the hindfoot. In our study, a less adducted forefoot was
observed in swing, which may indicate that the loading was
slightly increased in the medial forefoot of the injured side,
contradicting Becker’s study. We also found that compared to the
controls, the non-injured side’s hallux was more varus during
stance. Further investigation is needed to identify whether it was
also an influence of the injured ankle.

The OMAS is a self-administrated patient questionnaire, which
has been frequently used to evaluate subjectively scored function
after ankle fractures [26] and has been found to correlate well with
static ROM in loaded dorsiflexion [18]. An earlier study showed a
similar mean OMAS score 1 year post-operatively as in the present
study [25]. As a crude rule of thumb, correlations between 0.25–0.5
indicates a fair relationship and 0.5–0.7 indicates a moderate
relationship [27]. In our study, OMAS was also found fair-

moderately correlated with kinematic parameters in the sagittal
plane, for instance, Hindfoot/Tibia peak dorsiflexion and sagittal
ROM in the swing phase. This finding contradicted the study by
Losch et al. [16], who did not find significant correlations between
gait and clinical parameters, though they employed a different
functional score. However, temporal-spatial parameters indicated
weak correlations with the clinical score both in our and their
studies.

The reason for using an ANOVA and simple main effects tests
with Bonferroni adjustments in the study was to detect group and
side interactions. It was believed that a bilateral change of gait
could also occur, caused by the unilateral joint status after ankle
fractures [17,16]. In our study, some kinematic deviations were
found between limbswithin the fracture group, as well as between
groups. It was necessary to analyze the complete inter-segment
kinematics, since they were presented in the manner of one
segmentwith respect to another in the Oxford footmodel. Thiswas
a simple way to identify the region where the deviation truly
occurred.

It should be noted that our study did not include force data,
because to our knowledge, only one validated multi-segmental 3D
kinetic model of the foot was developed [28] and it has not been
intensively applied. Authors were also aware of the variability in
the measurement of inter-segment foot motion. A previous
repeatability study of a multi-segment foot model reported that
the overall variability was acceptable and its good consistency
implied repeatable and systematic artifacts from skin movements
[29]. Sagittal plane motion was found to be the most repeatable,
and transverse plane, the most variable on a group of healthy
children [14]. Nevertheless, our study cohort was relatively small,
which made it difficult to do subgroup analyses based on fracture
classification, gender or age.

In conclusion, patients following surgically treated ankle
fractures experienced a decrease of ROM in the injured talocrural
joint and restricted transverse ROM in the forefoot segment which
are believed to be a sign of residual joint stiffness. Moreover, the
forefoot is likely a primary area for compensation due to ankle
injury. Findings of the study showed that unilateral ankle fractures
affected not only the injured joint but also the surrounding joints in
the foot. In addition, gait analysis with amulti-segment footmodel
provide a subjective and quantitative assessment of post-operative
ankle fractures, while only passive ankle ROM is usually examined
during clinical evaluations, which often can make it difficult to
detect small differences due to the limitedmeasurement accuracy.
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Abstract 
Moment-angle relationship (dynamic joint stiffness) - the relationship between changes in joint 
moment and changes in joint angle - is useful for demonstrating interaction of kinematics and kinetics 
during gait. However, the individual contributors of dynamic joint stiffness are not well studied and 
understood, which has thus far limited its clinical application. In this study, ankle dynamic joint 
stiffness was analyzed and decomposed into three components in thirty able-bodied children during 
the stance phase of the gait. To verify the accuracy of the decomposition, the sum of decomposed 
components was compared to stiffness computed from experimental data, and good to very good 
agreement was found. Component 1, the term associated with changes in ground reaction force 
moment, was the dominant contribution to ankle dynamic joint stiffness. Retrospective data from 
eight children with juvenile idiopathic arthritis and idiopathic toe-walking was examined to explore 
the potential utility of analytical decomposition in pathological gait. Compared to controls, 
component 1 was the source of highest deviation in both pathological groups. Specifically, ankle 
dynamic joint stiffness differences can be further identified via two sub-components of component 1 
which are based on magnitudes and rates of change of the ground reaction force and of its moment 
arm, and differences between the two patient groups and controls were most evident and interpretable 
here. Findings of the current study indicate that analytical decomposition can help identify the 
individual contributors to joint stiffness and clarify the sources of differences in patient groups.  
 
Keywords: gait analysis, stiffness, inverse dynamics, juvenile idiopathic arthritis, idiopathic toe 
walking 

1. Introduction 
 
Human walking patterns are typically 

characterized by plotting single kinematics and 
kinetics curves as a function of time or 
percentage of gait cycle. During the stance 
phase, the progression of gait is assisted by four 
foot rockers: heel-rocker, ankle-rocker, forefoot-
rocker and toe-rocker (Perry and Burnfield, 
2010). The foot rockers are often used to 
describe pathological gait, e.g. toe walking has 
been identified as absent of heel rocker (Armand 
et al., 2006); In post-stroke hemiplegic gait, 
weight transfer impairments have been observed 
in the heel and forefoot rockers (Nolan and 
Yarossi, 2011). A number of relevant dynamic 
effects, however, can be identified when pairs of 
kinematics and kinetic variables are examined 
together and correlations among them are 
concurrently assessed (Crenna and Frigo, 2011). 
Davis et al. introduced the concept of dynamic 

joint stiffness (DJS) as the slope of the joint 
moment plotted as a function of the joint angle, 
and showed that ankle DJS was a repeatable and 
approximately constant parameter in the 2nd 
rocker (Davis and DeLuca, 1996), which 

- and 
forefoot-rockers (Perry and Burnfield, 2010). 
Moment-angle relationships at the hip, knee and 
ankle joints have been investigated at different 
walking velocities, and the ankle moment-angle 
relationship computed during steady-state 
walking revealed a relatively simple, loop-
shaped contour (Frigo et al., 1996). In a clinical 
study, knee DJS was evaluated in subjects with 
moderate and severe knee osteoarthritis at 
different walking velocities, and higher joint 
stiffness was associated with advanced stages of 
knee osteoarthritis irrespective of walking speed 
(Zeni Jr and Higginson, 2009). In general, 
increased DJS is often thought to result from 
decreased joint angle and increased joint 
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moment. However, a recent study showed that 
DJS was not necessarily positively related to 
joint angle and joint moment (Tateuchi et al., 
2011).  

-

resistance that muscles and other joint structures 
provide during intersegmental displacement and 
as a reaction to an external moment of force 
(Latash and Zatsiorsky, 1993). Therefore, the 
DJS is expected to be influenced by a number of 
factors involving functional and/or structural 
changes, e.g. walking speed, muscle activity, 
bone and soft tissue injury, joint mobility-
affecting diseases etc. However, although the 
concept of the DJS has been well-documented, 
the biomechanical contributors to the DJS have 
not been clear, particularly as influential factors 
are often coupled. These have limited the 
intuitiveness and clinical applicability of the 
DJS.  

In practice, gait characterization, in 
particular kinetics, is often interpreted through 
the changes of moment associated with ground 
reaction force, body gravity etc. Analytically, 
DJS is the derivative of the joint moment with 
respect to the joint angle during a motor task 
(dM/d ) (Gabriel et al., 2008). Since resultant 
joint moment is the sum of several dynamic 
factors, the DJS can be decomposed into several 
major mechanical contributors which may help 
to interpret differences in DJS in some patient 
populations or after interventions. 
Decomposition usually refers to a generic term 
for solutions of problems and algorithms in 
which the basic concept is to decompose the 
problem/variable into sub-problems/variables, 
and has also been applied in movement science. 
For instance, researchers have used a 
decomposition method to resolve a composite 
quantitative electromyography (EMG) signal 
into its constituent motor unit potentials (MUP) 
trains, which can represent the morphology of 
the MUP and was capable of detecting the 
severity of muscle dystrophy (Doherty and 
Stashuk, 2003; Derry et al., 2012). However, to 
the  study is the 
first attempting to analytically decompose DJS 
to its sub-components. 

Computing DJS is simple, understanding it 
is not. Why it increases or decreases after 
treatment or why it is higher in some 

pathological populations is not well understood. 
The objective of this study, therefore, is to 
determine whether individual contributors to 
DJS help to explain differences that can be 
observed in two different patient groups, in this 
case juvenile idiopathic arthritis (JIA) and 
idiopathic toe walking (ITW). 

 
2. Methods 

 
2.1. Subjects  

 
Thirty healthy children (mean ± standard 

deviation, age: 12 ± 4 yrs, body weight: 38 ± 11 
kg, height: 144 ± 14 cm) without history of 
neurological or orthopedic disease were 
examined in this retrospective study. To 
investigate the potential clinical application of 
the concept, eight children with JIA and active 
disease involvement bilaterally in at least the 
ankle (age: 13 ± 5 yrs, body weight: 40 ± 20 kg, 
height: 150 ± 24 cm) and eight children with 
ITW (age: 9 ± 2 yrs, body weight: 35 ± 14 kg, 
height: 136 ± 14.5 cm) were selected from the 
database at Gait Analysis Laboratory at 
Karolinska University Hospital. Children with 
JIA were classified according to ILAR 
classification (Petty et al., 1998) and exclusion 
criteria were 1) history of lower limb surgery 
and 2) having undergone treatment within 4 
weeks prior data collection. All children with 
ITW underwent a neurological examination by a 
pediatric neurologist confirming no underlying 
neurological or muscular pathology. Their 
exclusion criteria were previous treatments such 
as Achilles tendon surgery, casting, orthotics, 
and botulium toxin injection before the data 
collection. Ethic approval for data collection 
was obtained. All subjects participated with 
informed consent. 

 
2.2. Motion capture 

All participants walked barefoot along a 10 
m walkway at a self-selected speed. During all 
of the walking trials, three-dimensional 
kinematics data was recorded at 100Hz from 34 
markers (9mm) using an 8-camera motion 
system (Vicon MX 40, Oxford, UK). Ground 
reaction forces (GRF) and center of pressure 
(COP) data were obtained from two force plates 
(Kistler, Winterthur, Switzerland) at 1000Hz.  
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Figure	
   1.	
   An	
   example	
   moment-­‐angle	
   loop	
   in	
   one	
   healthy	
   subject.	
   Dynamic	
   ankle	
   joint	
   stiffness	
   was	
  
calculated	
  as	
  the	
  slope	
  of	
  the	
  linear	
  regression	
  line	
  of	
  ankle	
  joint	
  moment	
  plotted	
  as	
  a	
  function	
  of	
  ankle	
  
joint	
   angle.	
   After	
   initial	
   contact	
   (I.C.),	
   the	
   stance	
   phase	
   was	
   divided	
   into	
   four	
   sub-­‐phases	
   by	
   three	
  
thresholds	
   (in	
  dash	
   lines):	
   the	
   first	
  descending	
  phase	
   (FDP),	
   early	
   rising	
  phase	
   (ERP),	
   late	
   rising	
  phase	
  
(LRP)	
   and	
   descending	
   phase	
   (DP).	
   The	
   ERP,	
   LRP	
   and	
   DP	
   correspond	
   approximately	
   to	
   ankle-­‐rocker,	
  
forefoot-­‐rocker	
  and	
  toe-­‐rocker	
   (Perry	
  and	
  Burnfield,	
  2010).	
  Arrows	
   indicated	
  the	
  direction	
  of	
   the	
  path.	
  
Due	
  to	
  the	
  small	
  number	
  of	
  data	
  points,	
  FDP	
  was	
  excluded	
  in	
  this	
  study.	
  
2.3. Data processing 

Gait data was analyzed with a conventional 
model (Vicon Plug-In-Gait). The ankle joint 
kinematics, moments and gait events as well as 

jectories, GRF and COP 
data were imported into Matlab (MathWorks, 
Inc., Natick, USA) for further analysis. Linear 
interpolation was applied to the original data 
points to obtain data points for joint angles and 
moments at every 2% of stride duration. Ankle 
joint moment was computed by inverse 

anthropometric properties (Robertson, 2004) 
and normalized to body weight. The ankle 
moment for each trial was plotted as a function 
of the corresponding ankle angle (moment-angle 
loop). 

2.4. Sub-phases determination  

Three sequential phases were determined 
within each moment-angle loop according to 

Crenna et al. (Fig. 1): early rising phase (ERP), 
late rising phase (LRP), and descending phase 
(DP) with a threshold value to avoid the 
nonlinearity of the turning points (Crenna and 
Frigo, 2011). The threshold value (ThrV) was 
defined as 5% of maximum ankle moment. The 
ERP was the period between threshold 1 (Thr. 1 
= minimum ankle moment + ThrV) and the 
point at which the local slope was 1.7 times that 
of the average slope of the previous points. The 
LRP was the period between the end of ERP and 
a second threshold (Thr. 2 = maximum ankle 
moment - ThrV). The DP was the period 

(Thr. 3 = Thr V). The period from foot-contact 
to Thr. 1 (first descending phase, FDP) was 
excluded in the analysis, due to the small 
number of data points. The ERP, LRP and DP 

(Perry and 
Burnfield, 2010) e- -

-
sub-phase definitions and thresholds were  
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Figure	
  2.	
  An	
  example	
  moment-­‐angle	
  loop	
  in	
  one	
  subject	
  with	
  idiopathic	
  toe	
  walking.	
  Dynamic	
  ankle	
  joint	
  
stiffness	
   was	
   calculated	
   as	
   the	
   slope	
   of	
   the	
   linear	
   regression	
   line	
   of	
   ankle	
   joint	
   moment	
   plotted	
   as	
   a	
  
function	
  of	
  ankle	
  joint	
  angle.	
  Different	
  to	
  healthy	
  subjects,	
  after	
  initial	
  contact	
  (I.C.),	
  first	
  descending	
  phase	
  

-­‐ id	
   not	
   exist,	
   but	
   a	
   unique	
   short	
   descending	
   phase	
   (SDP)	
  was	
   found	
   between	
   the	
   early	
  
rising	
  phase	
  (ERP)	
  and	
  the	
  late	
  rising	
  phase	
  (LRP).	
  Four	
  thresholds	
  were	
  illustrated	
  as	
  dash	
  lines.	
  Arrows	
  
indicated	
  the	
  direction	
  of	
  the	
  path.	
  	
  
modified to include a short descending phase 
(SDP) due to the double bump ankle joint 
moment pattern (Fig. 2), and include a modified 
Thr. 1a and new thresholds 2a and 2b (Thr. 2a, 
Thr. 2b):  

     (1) 

   (2) 

      (3) 

   (4) 

The ERP was identified between Thr. 1a and 
Thr. 2. The SDP was identified between Thr. 2 
and Thr. 2a when appropriate. The LRP was re-
identified as the interval between Thr. 2a and 
Thr. 2b. The DP was identified as the interval 
between Thr. 2b and Thr. 1a. 

2.5. Analytical decomposition 

In the analytical decomposition, ankle DJS 
and each component were derived based on the 

equilibrium equations of 2D inverse dynamics. 
With the 2D free body diagram of the foot 
segment (Fig. 3), we have the equations: 

    (5) 
     (6) 

with the mass of foot , linear acceleration , 

mass . We then get: 
   (7) 

(8) 

Where joint reaction force 

, foot segment 

angular acceleration is , and is the 
external joint reaction moment in the x-direction 
(dorsi/plantarflexion moment). 
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Figure	
  3.	
  2D	
   lower	
   limb	
  diagram	
  with	
   free	
  body	
  diagram	
  of	
   the	
   foot	
  segment	
  ( :	
   joint	
  reaction	
   force,	
  
:	
  ground	
  reaction	
  force,	
   :	
  external	
  joint	
  moment,	
   :	
  gravitational	
  force	
  of	
  foot	
  segment,	
   :	
  

the	
  segment	
  angle	
  of	
  foot	
  segment).	
  

From Eq. (7) and Eq. (8), with moments 
e can 

get: 

 
     (9) 

From Fig. 3, we know that  
    (10) 

From Eq. (9) and Eq. (10), we can get: 

 
     (11) 

We can then define: 

  (12) 

   (13) 
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     (14) 

Where  is moment about ankle due to the 
accelerations (linear and angular), , is 
moment about ankle due to the segment mass, 

  is moment about ankle due to ground 
reaction force, and we let . Eq. (11) can 
be rewritten as:  

   (15) 

  (16) 

where  is the internal dorsi/plantarflexion 
moment.  

The Ankle DJS q is defined as: 
    (17) 

where     is   the   sagittal   plane  ankle   angle   and,  

due   to   the   chain   rule,   Eq.   (17)   can   be  
represented  as:  

   (18) 

    (19) 

where  is the foot segment angle. From Eq. 
(15-19), ankle DJS q can be decomposed into 
three components: 

 

 

 

  
  
  
  (20) 

Component  1  represents  the  ratio  of  changes  in  
GRF   moment   to   changes   in   ankle   angle;  
Component  2  represents  the  ratio  of  changes  in  
moment  due   to   foot  accelerations   to  changes  
in   ankle   angle;   Component   3   represents   the  

ratio  of  changes   in  moment  due   to   foot  mass  
to  changes  in  ankle  angle.  

Component 1 was subsequently 
decomposed further into Eq. (21): 

 

 

 

  

      
     
     

     (21) 

Sub-component 1A represents the changes of 
GRF moment arm times the GRF 
( ), and sub-component 1B represents the 

(  , the vector from COP to 
ankle joint center) times the change in GRF 
( ). As such, component 1A will be 
large when the GRF magnitude is large and/or 
the COP advances towards the toe.  Component 
1A will be negative when the COP moves 
proximally towards the ankle or the ankle 
advances towards a loaded forefoot.  
Component 1B will be large if the COP is 
located far distally under the toes, or if the GRF 
increases rapidly. Component 1B can likewise 
be negative if either the GRF decreases or if the 
COP is posterior to the ankle.  Numerical time 
derivatives were estimated using central 
difference and solved using Matlab. 

2.6. Linear regression  

In order to confirm that the analytical 
decomposition was accurate, DJS q from Eq. 
(20) was compared to the slope of the moment-
angle loop derived from linear regression of 
experimental data. For each of the sub-phases, a 
linear regression line, minimizing the least 
square distance between the data points and the 
line, was computed to quantify the slope of the 
curve (DJS, Nm(kg·deg)-1) over the interval 
within the moment-angle loop (Frigo et al., 
1996).

Component  1A   Component  1B  

  

   numerator    
of  component  1  denominator    

of  component  1  

Component  1   Component  2  

Component  3  
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Table	
   1.	
   Ankle	
   dynamic	
   joint	
   stiffness	
   (DJS)	
   was	
   calculated	
   using	
   linear	
   regression	
   and	
   analytical	
  
decomposition	
   prospectively	
   in	
   the	
   four	
   sub-­‐phases:	
   early	
   rising	
   phase	
   (ERP),	
   short	
   descending	
   phase	
  
(SDP),	
   late	
   rising	
  phase	
  (LRP)	
  and	
  descending	
  phase	
  (DP).	
  Significant	
  difference	
   from	
  controls	
   in	
  ankle	
  
DJS	
   are	
   indicated	
   in	
   bold.	
   The	
   intraclass	
   correlation	
   coefficient	
   (ICC	
   2)	
   was	
   determined	
   to	
   show	
   the	
  
agreement	
  in	
  computed	
  ankle	
  DJS	
  between	
  the	
  two	
  methods.	
  

               ERP     SDP     LRP     DP    

Dynamic  joint  stiffness  
100Nm(kg·∙deg)-­‐1  

Control  

  Linear  
regression  
(mean±  S.D.)  

4.06  
(1.56)  

N/A  

20.30  
(1.79)  

6.31  
(1.29)  

Analytical  
decomposition  
(mean±  S.D.)  

3.84  
(1.54)  

19.77  
(1.18)  

6.68  
(1.44)  

ICC  2   0.85   0.90   0.98  

JIA  

Linear  
regression  
(mean±  S.D.)  

3.27  
(1.27)  

12.24  
(2.75)  

5.78  
(1.30)  

Analytical  
decomposition  
(mean±  S.D.)  

3.15  
(1.27)  

12.42  
(3.74)  

6.07  
(1.43)  

ICC  2   0.87        0.72   0.96  

ITW  

Linear  
regression  
(mean±  S.D.)  

8.10  
(3.80)  

9.52  
(3.75)  

6.76  
(3.33)  

6.34  
(2.37)  

Analytical  
decomposition  
(mean±  S.D.)  

7.75  
(3.81)  

9.27  
(3.00)  

7.10  
(3.64)  

6.96  
(2.66)  

ICC  2   0.99   0.98   0.94   0.96  

2.7. Statistical analysis 

The analytical decomposition and linear 
regression were applied to three individual trials 
per subject (left and right sides separately) and a 
mean value for each side was calculated for 
each subject in each sub-phase. All values were 
multiplied by 100 for more convenient 
numerical representation. The intraclass 
correlation coefficient (ICC 2) was determined 
to test the assumption of agreement in computed 
ankle DJS computation from linear regression 
and from analytical decomposition. Data (ankle 
DJS and each component) were analyzed using 
a two-way repeated measures ANOVA with 
side as the within-group factor and group 
(control group or JIAs, and control group or 
ITWs) as between-group factor. The differences 
in ankle DJS and its components were also 
analyzed with individual one-way ANCOVA 
with walking speed as a covariance to determine 

whether the walking speed influenced the 
differences between groups. All statistical tests 
were performed using SPSS v14 software 
(Chicago, IL, USA). The significance was 
determined at the p < 0.05 level.	
  

3. Results 

There were no significant group-side 
interactions or side differences in any group. As 
such, data from right side is presented. 

3.1. Group differences in ankle DJS from 
analytical decomposition  

In the control group, ankle DJS was lowest 
during the ERP (q = 3.84 100Nm(kg·deg)-1 ), 
highest during the LRP (q =19.77 
100Nm(kg·deg)-1), and moderate during DP (q = 
6.68 100Nm(kg·deg)-1). Compared to controls, 
subjects with JIA had significantly lower joint 
stiffness (q = 3.15 100Nm(kg·deg)-1, p = 0.034) 
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Figure	
   4.	
   Ankle	
   dynamic	
   joint	
   stiffness	
   was	
   analytically	
   decomposed	
   into	
   three	
   components	
   in	
   the	
  
control,	
  JIA	
  and	
  ITW	
  groups.	
  Significant	
  group	
  differences	
  were	
  indicated	
  with	
  asterisks.	
  

in the ERP, but no differences were found in the 
LRP and DP (Table 1). Subjects with ITW had 
significantly higher joint stiffness (q = 7.75 
100Nm(kg·deg)-1, p < 0.01) in the ERP and 
lower stiffness (q = 7.10 100Nm(kg·deg)-1, p = 
0.02) in the LRP phase, but no differences were 
seen in the DP. Only the ITW group had a SDP 
between the ERP and LRP (q = 9.27 100Nm 
(kg·deg)-1). Agreements (ICC2) of ankle DJS 
between analytical decomposition and linear 
regression in control, JIA and ITW groups were 
summarized in Table 1.  

3.2. Group differences in ankle DJS 
Components  

Component 1 was by far the largest positive 
contributor to ankle DJS in all sub-phases 
(Table 2, Fig 4). Compared to controls, in the 
JIA group, component 1 was significantly lower 
(p = 0.01) in the ERP, but no significant 
differences were found in the LRP and DP. In 
the ITW group, component 1 was significantly 
larger in the ERP (p = 0.02) and smaller in the 
LRP (p = 0.03). Component 2 and 3 had very 
small contributions to the ankle DJS, although 
there were some differences found between 
group. 

3.2.1 Subcomponents of component 1 (Eq. 
21) 

The numerator (changes in the GRF moment) 
and denominator (changes in ankle angle) of 
component 1 are expressed as percents of the 
control s mean in each sub-phase. The 
numerator was further decomposed into 

moment arm times the GRF and component 1B, 

GRF (Fig. 5A). In the ERP, the numerator was 
smaller in JIA group (p = 0.04, component 1A: 
62% p = 0.04, component 1B: 111%), but the 
denominator was similar as controls (103%). 
The ITW group had a larger numerator (p < 
0.01, component 1A: 33% p < 0.01, component 
1B: 2137% p < 0.01) and denominator (227%, p 
< 0.01) than controls. In the LRP, the numerator 
in the JIA group was similar to that in the 
control group (component 1A: 109%, 
component 1B: 71%) but was significantly 
smaller than control in ITW, with contributions 
from a negative component 1A and a larger 
component 1B (p < 0.01, component 1A: -27% 
p < 0.01, component 1B: 159% p < 0.01), and 
the denominator was larger in both JIA and ITW 
groups (JIA: 141% p = 0.03; ITW: 133% p = 
0.04) than controls.  
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Figure	
   5A.	
   The	
   numerator	
   (changes	
   in	
   GRF	
   moment)	
   and	
   denominator	
   (changes	
   in	
   ankle	
   angle)	
   of	
  
component	
  1	
  were	
  averaged	
  during	
  each	
  phase	
  in	
  control	
  (C),	
  JIA	
  (J)	
  and	
  ITW	
  (I)	
  groups.	
  The	
  numerator	
  
of	
  component	
  1	
  was	
  further	
  decomposed	
  into	
  component	
  1A	
  (the	
  changes	
  of	
  GRF	
  moment	
  arm	
  times	
  the	
  
GRF,	
  comp1_A),	
  and	
  component	
  1B	
  (the	
  GRF	
  moment	
  arm	
  times	
  changes	
   in	
  GRF,	
   comp1_B).	
  Significant	
  
differences	
  compared	
   to	
   the	
  control	
  group	
   in	
   the	
  numerator	
  components	
  and	
   in	
   the	
  denominator	
  were	
  
indicated	
  with	
  asterisks. 
In the DP, the JIA group had a somewhat 
smaller numerator due to a smaller Component 
1A, as well as a somewhat smaller denominator 
(component 1A: 59% p = 0.01, component 1B: 
94%, denominator 87%). The ITW group 
likewise had a somewhat smaller numerator due 
to a lower component 1B (component 1A: 87%, 
component 1B: 69% p < 0.02), while the 
denominator (81%, p < 0.01) was smaller than 
that of controls.  

3.3. The influence of walking speed  

Walking speed was significantly slower in 
subjects with JIA (1.15 ± 0.12 m/s, p < 0.01) 
and subjects with ITW (1.03 ± 0.11 m/s, p < 
0.01) than in controls (1.33 ± 0.13 m/s). Using 
the speed as a covariance, no significant 
differences in ankle DJS were found between 
control and JIA group or control and ITW 
group, i.e. the observed differences in DJS 
between groups were not speed dependent. 
Speed was, however, a factor in components 2 
and 3; significantly larger component 2 (p = 
0.02) was found in JIA group in the DP.  
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Figure	
  5B.	
  Representative	
  vertical	
  ground	
  reaction	
  force	
  was	
  normalized	
  by	
  the	
  body	
  weight	
  in	
  control,	
  
JIA	
   and	
   ITW	
  groups	
   (ERP:	
   early	
   rising	
  phase,	
   SDP:	
   short	
  descending	
   phase,	
   LRP:	
   late	
   rising	
  phase,	
  DP:	
  
descending	
  phase).	
  

A positive and significantly different component 
3 (p = 0.02) was found in the ERP and larger 
component 3 (p < 0.01) in the DP the ITW 
group. 

4. Discussion 
 
In the current study, the ankle DJS was 

decomposed analytically into individual 
components. Our findings showed that the 
decomposition succeeded in quantitatively 
identifying biomechanical contributors to the 
ankle DJS in determining pathology-induced 
changes in subjects with JIA and ITW. 

The foundation of this study was that ankle 
DJS computed with regression could be 
accurately reproduced with analytical 
decomposition. According to rule of thumb by 
Landis and Koch (Landis and Koch, 1977), ICC 
between 0.61 - 0.80 indicates good agreement 
and 0.81 - 1 indicates very good agreement. We 
found good to very good agreement between the 
sum of decomposed parts and the direct linear 
regression of experimental data (Table 1), 
primarily due to the quasi-linear relationship 

between ankle moment and angle. It also 
indicated that the analytical decomposition was 
accurate and that DJS components can therefore 
examined individually. 

In the control subjects, ankle moment-angle 
loops showed a counter-clockwise traversed 
path, comprising three quasi-linear phases ERP, 
LRP and DP, which agreed with a recent study 
from Crenna & Frigo (Crenna and Frigo, 2011). 
No quantitative comparison can be made, 
however, because of the different angle and 
moment conventions. Earlier studies have 
attempted to define the period of the ERP and 
LRP as one sub-phase (Davis and DeLuca, 
1996; Gabriel et al., 2008) between the first 
local maximum plantarflexion in early stance 
and maximum dorsiflexion in mid-stance. 
According to our results, the ankle DJS varied 
distinctively in the ERP and LRP (Table. 1), and 
supports - -

(Perry and Burnfield, 2010). In the ERP, the 
ankle passively dorsiflexes through the shank  
rotation over the stationary foot. The steep LRP 
was initiated by heel rise and completed when 
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the ankle reached its maximum dorsiflexion. 
Similar to a previous study, the ERP and the DP 
of the moment-angle loop at the ankle joint have 
a relatively similar slope in able-bodied 
subjects, just shifted along the horizontal axis 
(Frigo et al., 1996). Although there were some 
differences found in the JIA group, the shape of 
the moment-angle loop was similar to that of 
controls. The ankle moment-angle loop of the 
subjects with ITW showed a more complex path 
due to the double bump moment pattern (Fig. 2); 
there was a unique short descending phase 
between the ERP and LRP. Compared to 
controls, the ITW group showed more similar 
slopes in all the sub-phases.  

Using analytical decomposition, ankle DJS 
can be isolated into components, and component 
1 was the dominant contributor. Components 2 
and 3, the terms due to foot accelerations and 
gravity, were negligible due to the trivial mass 
of the foot. Although the nature of ankle DJS is 
the coupling of the kinetics and kinematics, the 
decomposition enabled us to separate the ankle 
DJS into better understood parameters. In the 
quasi-linear phase, component 1 represents the 
ratio of the changes in GRF moment to the 
changes in ankle angle. The changes in GRF 
moment can be further decomposed into 
components 1A and 1B (Fig. 5A). A higher 
component 1A implies a higher GRF and/or a 
more rapidly changing GRF moment arm. A 
higher component 1B is due to a larger GRF 
moment arm and/or a more rapidly changing 
GRF. It was primarily in these sub-components 
that we were able to identify distinctive, more 
intuitive and interpretable patterns. In normal 
gait, GRF moment increased during the ERP, 
due to the increased GRF moment arm ( > 
0, component 1A > 0) when the COP advanced. 
However, GRF decreased after the first peak, 
which led to a negative component 1B (

< 0, Fig 5B). During the LRP, both the GRF 
and its moment arm increased, leading to 
positive sub-components 1A and 1B. In the DP, 
GRF moment decreased since both the GRF and 
its moment arm decreased ( < 0 and 

< 0) when the ankle plantarflexed rapidly 
and the COP had a very limited distance to 
advance forward.  

The potential clinical utility of moment-
angle diagram and the analytical decomposition 
can be illustrated through the examination of the 
subjects with JIA and ITW (Fig. 5A, 5B). 

However, for clarification, the comparison 
between patient groups and controls aimed to 
identify biomechanical contributors to ankle 
DJS differences, not to provide a basis for 
clinical conclusions, for which larger sample 
sizes would be required. These two very 
different patient groups were specifically chosen 
to provide a wider spectrum of gait pathology 
for this study. JIA is the most common 
rheumatic disease in childhood and foot 
involvement is frequently reported in clinical 
manifestation (Truckenbrodt et al., 1994). 
Compared to controls, the JIA group had 
smaller ankle DJS in the ERP, mainly because 
of the smaller changes in GRF moment via sub-
component 1A, i.e. due to the smaller GRF 
and/or more slowly advancing COP. In the LRP, 
the JIA group had slightly smaller changes in 
GRF moment but dorsiflexed the ankle more 
rapidly. Hence, ankle DJS was not significantly 
different. Our findings are partially supported by 
the observations of Broström et al. and 
Hartmann et al. (Broström et al., 2002; 
Hartmann et al., 2010), who reported that 
compared to controls, children with JIA had 
either smaller peak GRF or larger valley vertical 
GRF, which indicated smaller vertical GRF 
changes during that period. In the DP, although 
no significant differences found in DJS, 
significantly smaller changes in GRF moment 
via sub-component 1A were reported. This may 
also be explained by the smaller 2nd peak GRF 
in JIA group reported by a previous study 
(Hartmann et al., 2010). 

ITW is diagnosed by excluding other causes 
of toe-walking such cerebral palsy, myopathy 
etc., and can be described in terms of decreased 
ankle range of motion and inability to heel strike 
at the initial-contact of gait (Sala et al., 1999). In 
this study, subjects with ITW had larger ankle 
DJS in the ERP due to the greater changes in 
GRF moment via sub-component 1B even 
though sub-component 1A was smaller than 
controls (Fig 5A); the midfoot/forefoot initial 
contact led to a larger GRF moment arm than in 
controls, which led to a larger sub-component 
1B. This agrees with previous reports that the 
more anterior initial position of COP in toe 
walking can lead to a ground reaction force 
moment that is about 2.5 times greater than that 
in normal heel-toe walking (Casey Kerrigan et 
al., 2000; Couillandre et al., 2002). In the unique 
SDP, the ankle had a short period of 
plantarflexing, while GRF moment decreased 
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along with the decreasing GRF. In the LRP, 
lower ankle DJS than control was mainly 
attributable to the smaller changes in GRF 
moment via a negative component 1A and larger 
changes in ankle angle. The negative component 
1A was caused by the decreasing GRF moment 
arm. In the DP, subjects with ITW plantarflexed 
more slowly than controls (smaller 
denominator), but the changes in GRF moment 
were also slightly smaller (smaller numerator), 
which together resulted in the similar ankle DJS 
as controls.  More generally, while overall DP 
stiffness was nearly identical in all three groups, 
this was due to a combination of different 
biomechanical phenomena, which can only be 
observed through analytical decomposition.  

Differences in walking speed may also 
influence joint excursions, joint moments and 
subsequently joint stiffness. In this study, 
walking speed was found lower in subjects with 
JIA and ITW. However, no significant 
associations with ankle DJS were found, which 
contrasted with previous reports (Frigo et al., 
1996; Hansen et al., 2004), possibly because of 
the small group cohort in our study. 
Nevertheless, some associations were found 
between walking speed and components 2 and 
3. 

In the present study, ankle DJS and 
components were determined based on inverse 
dynamics, but did not address the relationship 

changes and ankle joint passive stiffness, which 
are areas worthy further investigations, 
particularly in pathological subjects when 
muscle activity disorder and pain are present. In 
addition, although differences were found 
between groups, the sample sizes of especially 
the patient groups were small. Thus future work, 
using groups with larger sample sizes, are 
needed to apply the findings clinically and more 
generally. Moreover, during human gait, the 
ankle joint behavior may be completely 
understood only when studied in relation to the 
other lower limb joints, which could be an 
interesting future extension of the analytical 
method. 

5. Conclusion 

This study decomposed ankle DJS into 
individual components analytically, and 
explored the hypothesis that stiffness changes in 
pathological gait could be identified and 

interpreted using individual components. To 
investigate this concept, the ankle DJS and 
components were calculated in able-bodied 
children in each phase during stance. Data from 
subjects with JIA and ITW were examined to 
explore the potential clinical utility of the 
decomposition through a wider spectrum of gait 
pathology. We found that the group differences 
found in ankle DJS were due almost entirely to 
changes in component 1, the term associated 
with GRF moment. More specifically, lower 
DJS in subjects with JIA in the early rising 
phase was due to a smaller sub-component 1A 
(the changes of GRF moment arm times GRF); 
Larger DJS in subjects with ITW in the early 
rising phase was due to larger sub-component 
1B (GRF moment arm times changes in GRF) 
and lower DJS in the late rising phase was due 
to negative sub-component 1A (decreasing GRF 
moment arm). Moreover, changes in ankle angle 
also influenced ankle DJS, however, smaller 
changes in ankle angle did not necessarily 
indicate higher DJS, e.g. ITW group in early 
rising phase. The proposed analytical 
decomposition confirmed our hypothesis and 
can help interpret the concept of 
and was applicable in clinical gait evaluation of 
joint behavior. 
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The effect of subtalar inversion/eversion on the dynamic function of the
tibialis anterior, soleus, and gastrocnemius during the stance phase of gait

Ruoli Wang a, Elena M. Gutierrez-Farewik a,b,*
aDepartment of Mechanics, Royal Institute of Technology, Stockholm, Sweden
bDepartment of Women’s and Children’s Health, Karolinska Institutet, Stockholm, Sweden

1. Introduction

The subtalar joint, situated between the talus and calcaneus, is a
major ankle functional unit. The joint axis’ oblique orientation,
which can vary in able-bodied persons [1], allows complex motion
of the foot relative to the tibia [2]. If normal subtalar motion is lost,
the ankle has no relief from super-imposed rotational forces from
talar torsion, which may lead to secondary degenerative arthritis
[3]. Excessive subtalar inversion or eversion or joint axis
misalignment can be caused by static deformity or inappropriate
muscle function during development [4]. Subtalar inversion is
commonly found in children with cerebral palsy and spasticity of
the tibialis posterior, pes equinovarus adductus and cavus foot
deformities, and subtalar eversion in persons with pes planus,
rheumatoid arthritis and myelomeningocele [5]. Foot function
may alter significantly with any variation in lower extremity
alignment [6]. The dynamic functions of a joint’s surrounding
muscles can also vary as a result of abnormal joint motion.

The tibialis anterior has a powerful dorsiflexion mechanical
advantage [6], but can also create subtalar inversion moment by

adducting the calcaneus. The gastrocnemius and soleus act via the
Achilles tendon as ankle plantarflexors. However, in a neutral
position, the Achilles tendon passes slightly medial to the subtalar
joint and therefore produces an inversion moment [2]. When both
cross-sectional area and distance from the subtalar joint axis were
considered, the gastrocnemius and soleus were reported as major
dynamic stabilizers preventing excessive pronation [7]. Although
the tibialis anterior, gastrocnemius and soleus all have consider-
able inversion leverage, the extent to which they function in gait
remains unclear. In addition, how a planar gait deviation (i.e.
excessive subtalar inversion/eversion), can alter the capacities of
muscles to generate joint accelerations in other planes (e.g. the
sagittal plane) remains unexplored.

Determining individual contributions of muscles during move-
ment is complex because a muscle can accelerate joints and
segments it does not span [8]. Biarticular muscles may have
counterintuitive functionswhich oppose their anatomical classifica-
tions [9]. Induced acceleration analysis (IAA) is an analyticalmethod
for computing accelerations produced by an application force to a
body or systemof bodies [10]. Zajac andGordon first introduced IAA
to demonstrate that the gastrocnemius, anatomically a knee flexor
and ankle plantarflexor, can in certain circumstances act to extend
the knee [8]. Clinical research using IAA has demonstrated that
external tibial rotation can reduce the soleus’ knee extension
capacity during single-limb stance [11], but the effects of malalign-
ment in the subtalar joint have not previously been investigated.
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A B S T R A C T

The purpose of this study was to determine how gait deviation in one plane (i.e. excessive subtalar
inversion/eversion) can affect the dynamic function of the tibialis anterior, gastrocnemius, and soleus to
accelerate the subtalar, ankle, knee and hip joints, as well as the body center of mass. Induced
acceleration analysis was performed based on a subject-specific three-dimensional linkage model
configured by stance phase gait data and driven by one unit of muscle force. Eight healthy adult subjects
were examined in gait analysis. The subtalar inversion/eversion was modeled by offsetting up to 208
from the normal subtalar angle while other configurations remained unaltered. This study showed that
the gastrocnemius, soleus and tibialis anterior generally functioned as their anatomical definition in
normal gait, but counterintuitive function was occasionally found in the bi-articular gastrocnemius. The
plantarflexors play important roles in the body support and forward progression. Excessive subtalar
eversion was found to enlarge the plantarflexors and tibialis anterior’s function. Induced acceleration
analysis demonstrated its ability to isolate the contributions of individualmuscle to a given factor, and as
a means of studying effect of pathological gait on the dynamic muscle functions.
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The current study aims to determine the effect of subtalar
inversion/eversion on the dynamic function of the tibialis anterior,
gastrocnemius, and soleus to accelerate the subtalar, ankle, knee
and hip joints. The forward and vertical accelerations of the body
center of mass (COM) were also computed. A baseline of induced
accelerations was presented and muscles’ capacities to accelerate
joints in the presence of varying degrees of subtalar inversion/
eversion were evaluated.

2. Methods

2.1. Musculoskeletal model

A generic 3D linkagemodel was scaled to fit each subject, configured by gait data
and driven by muscle force. The model consisted of 28 rigid segments (torso,
head + neck, arms, pelvis, thighs, shanks, patellas, taluses, feet and toes) and 88
muscles. The pelvis could rotate and translate in 3Dwith respect to the ground. Hips
were modeled as ball-and-socket joints, and knees as planar joints [12]. The
talocrural, subtalar, and metatarsophalangeal joints were modeled as hinge joints.
The subtalar axis was defined from Inman [1]. Muscle paths, bone geometry, and
segment inertial parameters were based on previous studies [12,13]. The generic
model was scaled based on tracked marker data using SIMM Motion Module [14].
The dynamic equations of model were outlined by Zajac and Gordon [8] and
detailed in a previous study [15]. Analyses were performed using SIMM Dynamic
Pipeline [16] and SD/FAST (Symbolic Dynamics, Inc., CA).

2.2. Configuration data

Eight healthy adults, five females and three males (age: 32 ! 10 yrs, weight:
62 ! 14 kg), were examined while walking at a self-selected speed, using an 8-camera
motion capture system (Vicon MX40, Oxford, UK). Each subject’s motion was obtained
by fitting the musculoskeletal model to tracked marker data from one representative
trial [14]. Sixty-four reflective markers (9 mm) were placed bilaterally on bony

landmarks based on a conventional full-body marker set (Vicon Plug-in-Gait), plus a
multi-segment foot model marker set [17]. Subtalar inversion/eversion was modeled
by offsetting !108 and !208 from the observed subtalar angle. Four sub-phases were
identified for both limbs: initial-contact to foot-flat (‘1st rocker’), foot-flat (‘2nd
rocker’), heel-lift to toe-flat (‘3rd rocker’), and toe-flat to foot-off (‘toe-off’). Ethical
approval for this study was obtained. Subjects participated with informed consent.

2.3. Ground-foot contact

Three ground-foot joints were added bilaterally in the linkage model – at the
posterior inferior point of the heel (‘GFH’), the distal end of the third metatarsal
(‘GFM’), and the distal end of the hallux (‘GFT’) – which served as constraints for the
estimated center of pressure (COP) in gait (Fig. 1A). In 2nd rocker, the foot was
completely fixed to the ground. During the rest of stance phase, 3-DOFs were
allowed at the GFH, GFM and GFT joints. Because these explicit joints, instead of
measured ground reaction forces, were used to constrain the foot, the joint reaction
forces as calculated by the dynamic simulation acted to constrain these joints. After
themuscle forcewas applied, the calculated joint reaction force (from SD/FAST)was
equal to the ground reaction force induced by this muscle. The magnitude and
direction of the joint reaction force was recalculated when the subtalar angle was
manipulated, and the locations of ground-foot joints relative to the foot were
modified accordingly.

Since a previous study indicated that the COP path tends tomovemedially in foot
pronation and laterally in supination [18], the following modifications to ground-
foot contact were made: heel ground contact was modeled as rolling of a rigid
spherewith a local coordinate system over a rigid plate (according to Hagman [19]).
The new contact point in the configuration of subtalar inversion or eversion was
estimated as the most inferior point of the sphere after rotating 108 or 208 along the
subtalar joint axis (Fig. 1B). The same method was used to calculate the new
locations of GFT and GFM joints. The spheres’ radiuses were estimated by tracked
markers’ trajectories individually.

IAA was used to calculate the effects of excessive subtalar inversion/eversion on
the potential dynamic function of the tibialis anterior, gastrocnemius (medial
head), and soleus during stance phase. The potential dynamic function was

Fig. 1. (A) Three ground-foot joints were added under the foot- at the posterior inferior point of the heel (‘GFH’), the distal end of the third metatarsal (‘GFM’) and the lifting
point of the foot (‘GFT’). During 2nd rocker, the foot was fixed to the ground, and in the rest of the sub-phases, only one joint was activated and three-rotational DOFs were
allowed. (B) The ground-foot contact alterations in the configuration of subtalar eversion208. The point was estimated as the most inferior point of the sphere after rotating
208 along the subtalar joint axis. (C) Moment arm versus subtalar joint rotation angle for the gastrocnemius, soleus and tibialis anterior, average of the eight subjects in the
study. A negative value indicates an eversion moment arm, a positive one an inversion moment arm. (D) Subtalar joint rotation (inversion/eversion) in five configurations,
average of the eight subjects in the study. Excessive inversion or eversion was manipulated by offsetting !108 and !208 from the observed configuration.
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represented by the amount of joint and body COM accelerations produced by one
unit muscle contractile force (joint acceleration:8/s2 N, COM acceleration: m/s2 N).
Each subject’s acceleration data was averaged over both limbs and normalized to
percent of stance phase. A baseline was calculated by averaging all subjects’
normalized IAA data from the observed configuration.

3. Results

Six plots illustrate the IAA profile: angular acceleration of hip
flexion/extension, knee flexion/extension, ankle dorsiflexion/
plantarflexion and subtalar inversion/eversion, and linear acceler-
ation of the COM in the global anterior and vertical directions. Local
effects refer to accelerations at joints spanned by themuscle, while
remote effects refer to accelerations of joints not spanned by the
muscle. Support refers to the potential to accelerate the COM
vertically, and propulsion/deceleration refers to the potential to
accelerate the COM anteriorly/posteriorly.

3.1. Observed gait

The gastrocnemius had potentials to plantarflex the ankle
throughout the stance phase and to flex the knee in most of the
stance phase, but to extend the knee in 1st and some of 3rd rocker
(Fig. 2). Subtalar eversion potential was found in 1st rocker. As for
remote effects, the gastrocnemius had potentials to extend the hip
in 1st rocker, but to flex in the reminder of stance. Meanwhile, its
potential to accelerate the COM decreased after initial contact, and
remained decelerating until the 3rd rocker, increasing to propul-
sion afterwards. Support potential can be observed after the 2nd
rocker.

Other than to plantarflex the ankle, the soleus had a
considerable potential to evert the subtalar joint in the 1st rocker
(Fig. 3). As for remote effects, the soleus could cause knee and hip
extension, but hip flexion at the end of the 3rd rocker. The soleus

had a longer COM-decelerating potential period than the
gastrocnemius, and larger support potential during the 2nd rocker.

The tibialis anterior had dorsiflexion potential throughout
the stance phase (Fig. 4). In contrast to the gastrocnemius and
soleus, the tibialis anterior had large potential to invert the
subtalar joint in 1st rocker. As for remote effects, the tibialis
anterior had potentials to flex the hip and knee during most of
stance. The tibialis anterior decreased its COM-decelerating
effects after initial contact and could propel the COM in the 2nd
and most of the 3rd rocker. Support potentials were found in the
1st rocker only.

3.2. Excessive subtalar inversion/eversion

Potentials are expressed as percents of the observed condition
at the midpoint of each sub-phase. Excessive subtalar eversion
increased the gastrocnemius’ knee extension potential (Ever-
sion108: 112%, Eversion208: 127%) in 1st and 3rd rockers
(Eversion108: 102%, Eversion208: 180%). Subtalar inversion re-
duced its ankle plantarflexion potential in 1st rocker (Inver-
sion108: 77%, Inversion208: 73%) and plantarflexion potential
increased in subtalar eversion (1st rocker: Eversion108: 150%,
Eversion208: 240%; 3rd rocker: Eversion108: 101%, Eversion208:
126%; toe-off: Eversion108: 102%, Eversion208: 115%). As for
remote effects, subtalar eversion reduced the gastrocnemius’ hip
flexion potential in 3rd rocker (Eversion108: 92%, Eversion208:
46%). The gastrocnemius had a higher subtalar eversion potential
in eversion (Eversion108: 158%, Eversion208: 208%) but had
opposite effects in inversion (Inversion108: 54%, Inversion208:
24%). The gastrocnemius’s potential to propel the COM increased in
eversion (Eversion108: 101%, Eversion208: 130%).

Excessive subtalar eversion increased the soleus’ plantarflexion
potential (Eversion108: 142%, Eversion208: 222%) and knee

Fig. 2.Normalized gastrocnemius (medial head) IAA profile in the stance phase. Separate solid lines demonstrated the data in the configuration of Inversion208, Observed and
Eversion208. Dash lines divided the stance phase into four sub-phases: 1st rocker, 2nd rocker, 3rd rocker and toe-off. Gastrocnemius’ expected activation durationwas shown
above the x-axis. Mean and standard deviations of themidpoints (indicatedwith triangles) of each sub-phasewere noted only for the normal configuration (Flex: flexion, Ext:
extension, Dorsi: dorsiflexion, Plan: plantarflexion, Inver: inversion, Ever: eversion).
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Fig. 3.Normalized soleus IAA profile in the stance phase. Separate solid lines demonstrated the data in the configuration of Inversion208, Observed and Eversion208. Dash lines
divided the stance phase into four sub-phases: 1st rocker, 2nd rocker, 3rd rocker and toe-off. Soleus’ expected activation duration was shown above the x-axis. Mean and
standard deviations of the midpoints (indicated with triangles) of each sub-phase were noted only for the normal configuration (Flex: flexion, Ext: extension, Dorsi:
dorsiflexion, Plan: plantarflexion, Inver: inversion, Ever: eversion).

Fig. 4.Normalized tibialis anterior IAA profile in the stance phase. Separate solid lines demonstrated the data in the configuration of Inversion208, Observed and Eversion208.
Dash lines divided the stance phase into four sub-phases: 1st rocker, 2nd rocker, 3rd rocker and toe-off. Tibialis anterior’s expected activation duration was shown above the
x-axis. Mean and standard deviations of themidpoints (indicated with triangle) of each sub-phase were noted only for the normal configuration (Flex: flexion, Ext: extension,
Dorsi: dorsiflexion, Plan: plantarflexion, Inver: inversion, Ever: eversion).
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extension potential (Eversion108: 108%, Eversion208: 114%).
Similar to the gastrocnemius, subtalar eversion increased the
soleus’ subtalar eversion potential (Eversion108: 191%, Ever-
sion208: 279%) but had opposite effects when slightly inverted
(Inversion108: 29%) and generated inversion potential when the
subtalar joint was greatly inverted (Inversion208: "20%). The
soleus also tended to increased COM propulsion potential in
subtalar eversion before toe-off.

Subtalar inversion reduced the tibialis anterior’s dorsiflexion
potential (Inversion108: 56%, Inversion208: 35%) and knee flexion
potential (Inversion108: 90%, Inversion208: 82%) in 1st rocker.
Subtalar eversion increased knee flexion potentials (Eversion108:
117%, Eversion208: 134%) and ankle dorsiflexion potentials
(Eversion108: 174, Eversion208: 267%) in 1st rocker. Inversion
reduced the tibialis anterior’s potential to further invert the
subtalar joint (Inversion108: 71%, Inversion208: 48%), to decelerate
the COM (Inversion108: "22%, Inversion208: "131%), but eversion
increased its potential to invert the subtalar joint (Eversion108:
135%, Eversion208: 158%).

4. Discussion

Excessive subtalar inversion/eversion was found to alter
potentials of the gastrocnemius, soleus and tibialis anterior to
accelerate joints and the COM. Based on the hypothesis that
sophisticated dynamic muscle functions result from the interac-
tion of muscle force, ground reaction force and the multi-body
system [15], only stance phase was analyzed.

Analysis of individual muscles’ roles in accelerating segments is
important for understanding coordinations of a multi-body
movement. In observed gait, the muscles generally acted as
expected. Ankle dorsiflexion acceleration potentials caused by the
tibialis anterior agreed with its anatomical definition, which help
to restrain the rate of plantarflexion in 1st rocker. It was stated that
tibialis anterior’s local effect can provide a heel rocker to initiate
knee flexion for shock absorption during weight acceptance [20],
which corresponds to the present study, in which knee flexion
potential was observed during 1st rocker. The soleus caused ankle
plantarflexion potentials, which can restrain the rate of tibial
advancement in 3rd rocker. The soleus’ remote effects to extend
the hip and knee agreed with its previous definition as a knee and
hip extensor [10,11]. It was reported that the gastrocnemius acted
similarly to the soleus, with the additional function as a knee
flexor. However in our analysis, knee extension potential was
found in 1st and part of 3rd rocker. Some studies have shown that
biarticular muscles can act in a counterintuitive manner which
opposes their anatomical classification, since the anatomical
definition does not consider how a moment applied at one joint
can act remotely on other segments [9].

The link between a pathological posture and muscle function is
believed to have important clinical implications [21]. Our findings
showed that excessive subtalar eversion can actually increase
muscle potentials. Eversion increased the gastrocnemius and
soleus’ ability to extend the knee and plantarflex the ankle, and
increased the tibialis anterior’s ability to flex the knee and dorsiflex
the ankle during 1st rocker. Since opposing influences were found

Fig. 5. Angular accelerations of the hip, knee, ankle and subtalar joints induced by gastrocnemius, soleus and tibialis anterior during 1st rocker (left axis) and by the
gastrocnemius during the 3rd rocker (right axis). Each bar represents the mean ! 1 S.D. of the eight subjects in this study.
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from ankle plantarflexors and dorsiflexor, the dominant tendency
should be further explored by considering muscle activation and
induced acceleration magnitude at each joint. Subtalar inversion
reduced tibialis anterior’s potential to flex the knee and dorsiflex
the ankle, which could lead to slower forward progression by
diminishing its function to control foot drop and advance the tibia.
Also, both eversion and inversion were found to have trivial effects
on the most proximal joint; the hip.

In the current study, the observed subtalar joint motion
corresponds well with reported motion [17] (Fig. 1C). Similar to
Klein et al. [22], the soleus and gastrocnemius were found to have
inversion moment arms in a subtalar everted position and an
eversion moment arm in a subtalar inverted position, while the
tibialis anterior had a consistent inversion moment arm (Fig. 1C),
which indicates that gastrocnemius and soleus can switchmoment
directions according to the position of the subtalar joint. However,
this observation cannot fully explain our findings that considerable
eversion potential was observed when gastrocnemius and soleus
had inversion moment arms, e.g. Eversion108 (Figs. 1C and 5). The
talocrural and subtalar joint axes are not perpendicular and the
dominantmuscle functions are related to ankle control [23], which
can be interpreted using inertial couplings representing the
inertial effect of angular acceleration of one joint on another
[24]. The large plantarflexion acceleration generated by the soleus
and gastrocnemius at the ankle also caused eversion acceleration
at the subtalar joint due to the effect of inertial coupling, and it was
larger than the inversion accelerations caused by the muscles’ and
reaction force’s smaller inversion leverage. When subtalar joint
wasmore everted, though the gastrocnemius and soleus had larger
inversion moment arm (Fig. 1C), eversion potentials were found to
increase (Figs. 2, 3 and 5). This suggested that the eversion
potential due to inertial couplings may be able to overwhelm the
inversion potential from the increased inversion moment arm.

Muscles enable walking by providing vertical support and
maintaining forward progression [25]. It was reported that
plantarflexors are mainly responsible for generating both support
and progression during late stance [26,27]. Neptune et al. found
that in early single-stance, both soleus and especially gastrocne-
mius slowed forward progression [9]. Similar trends were found in
the present study, but soleus was found with greater decelerating
potential in 2nd rocker. The tibialis anterior had potential to
support the body while decelerating forward progression after
initial contact, which was consistent with its action to resist foot
fall. After 3rd rocker, it was no longer able to support the body
while promoting forward progression. Subtalar eversionwas found
to positively influence the plantarflexors’ potential to accelerate
the body COM propulsions.

The induced acceleration magnitudes of gastrocnemius and
soleusweremuch greater in 1st rocker than in 2nd and 3rd rockers.
While they are able to plantarflex the ankle by lowering the foot
after initial-contact, they must overcome large inertial force to
advance the tibia in 2nd and 3rd rockers. The changes arising from
the additional subtalar inversion/eversion were more obvious in
subtalar and ankle joints than in themore proximal joints, i.e. knee
and hip. Since only 1 N force was applied in eachmuscle, the actual
acceleration each muscle can induce is most likely much higher.

Similar to Kimmel and Schwartz [15], foot-ground joints were
added under the foot to model the foot-floor contact. However,
stance phase was divided into four sub-phases instead of Kimmel’s
three. General qualitative trends of the current findings agreed
with his report. Rough transitions between sub-phases can be seen
in the figures, mainly due to the rigid foot/ground contact model
and the different DOFs allowed in the sub-phases. Unlike Kimmel’s
study, we used no data smoothing technique; the abrupt changes
represented phase transition, e.g. after initial-contact, the floor
blocked the foot from free motion, which was allowed before heel-

strike. Moreover, the interpretationwasmade atmidpoints of each
sub-phase, avoiding transitions. Sensitivity analyses have been
performed to compare the effects of a ground-foot joint with three
translational DOFs located at the moving COP and the ones used in
the current study. Although the magnitudes of induced accelera-
tions are slightly different between two contact models, the
general trends in the observed gait and configurations of subtalar
inversion and eversion were similar. The influence of medial and
lateral COP shift and of different DOFs in the ground-foot jointswas
also evaluated. Slight deviationswere found in joints’ sagittal plane
accelerations and the tibialis anterior was the most influenced
muscle. Using non-linear springs may be better for more accurate
analyses, however, the rigid contact model has been shown to
approach a non-linear spring model over short time scales [28].

There are several study limitations. The subtalar inversion/
eversion configurations were manipulated from observed motion
data. The variability of subtalar joint axes between subjects was
not accounted for. Furthermore, only subtalar position, not joint
orientation, was altered. Our intention was to focus on only one
factor in the study. Also, the lack of individual subjects’ muscle
activation patterns and possible compensatory movements in
response to modified subtalar angle limits the understanding of
IAA results. Furthermore, the variability of results was ascertained
to be largely attributable to participators’ weight variations and
small subject cohort. As noted earlier, IAA can be viewed as a
theoretical prediction of accelerations; further experiments, e.g.
using functional electrical stimulation [29,30], could determine
real individual responses and correlate to IAA results. Also, IAA
computation is prone to errors due to individual gait variability,
model scaling accuracy, anthropometrical and biomechanical
models, etc. Further investigations, for example with perturbation
analysis may help to address how such errors can affect the results.

Subtalar inversion/eversion is a common gait deviation, but its
influences on individual muscle functions are difficult to address
because of the complexity of multi-joint dynamics. Our examina-
tion adapts IAA’s ability to isolate the contributions of individual
muscles with respect to a given factor. Excessive subtalar eversion
can increase the dorsiflexor and plantarflexors function, while
excessive inversion was found to have a smaller and opposite
potential influence. More proximal joints were found less affected
by subtalar angle deviations. Moreover, subtalar eversion acceler-
ation can be generated by the ankle plantarflexors, where
increasing plantarflexion potentials help to further evert subtalar
joint in an excessive subtalar eversion position. Our findings were
an essential step toward explaining the pathomechanics of
excessive subtalar inversion/eversion and the consequences of
clinical interventions.
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Abstract 
Determining individual contributions of muscles during movement using computational 
musculoskeletal models is an important and challenging problem. Induced acceleration analysis was 
introduced to investigate the relationship between individual muscle function and movement pattern. 
However, little evidence of the sensitivity of the computational results has limited the use of induced 
acceleration analysis. This paper described a parametric study on eight healthy adults to analysis how 
sensitive the muscle-in -ground 
contact model. We evaluated induced accelerations from the gastrocnemius, soleus and tibialis 
anterior at the hip, knee, ankle and subtalar joints. We compared two types of models - 

the moving center of pressure. The influences of different foot-ground contact joint constraints and 
locations of center of pressure were also investigated. Small differences were found in lower limb 

-sagittal plane muscle 
induced accelerations at all joints were more affected by center of pressure locations, though 
differently for different muscles and joints. Among all three muscles, the tibialis anterior was the one 
whose induced accelerations were affected by all three variations in foot-ground contact models, 
while the e influenced trivially by the degrees-
of-freedom of constraint joint. Care should be taken in applying appropriate constraints and locations 
of the foot-ground contact joints, especially in investigations of muscle-induced joint accelerations in 
frontal and transverse planes.  
 
Key words: rigid foot-ground contact model, musculoskeletal modeling, gait, muscle function, center 
of pressure 
 

1. Introduction 

Many researchers have used various 
approaches to find the contributions of 
individual muscles to the movement of body 
segments (Zajac et al., 2002), which are difficult 
to assess via traditional gait analysis techniques. 
Induced acceleration analysis (IAA) is a method 
for computing the accelerations produced by an 
application force or moment to a body or system 
of bodies (Schwartz and Lakin, 2003). Recently, 
the analysis has been used to assess roles of 
individual muscles and joint moments in 
providing body support and forward progression 
during walking (Kepple et al., 1997; Anderson 
and Pandy, 2003; Neptune et al., 2001). 
Researchers have studied the causes of 
pathological gait (Riley and Kerrigan, 1999; 

Goldberg et al., 2003), and suggested IAA is a 
useful tool for defining the link between 
specific muscle impairments and their gait 
disability.  

Performing sensitivity studies to ascertain 
the reliability of muscle functions computed 
from simulation is important. The foundation 
for generating simulation relies on computer-
implemented musculoskeletal models which are 
constructed with assumptions, e.g. physiological 
properties and paths of muscles and tendons, 
inertial properties of body segments, the 
interaction of the body with ground, etc. (Zajac 
et al., 2002). The best approach to modeling 
foot-ground contact (FGC) is a widely-debated 
issue. The most prominent approaches have 
simplified foot-ground contact as a rigid contact, 
which occurs either at one joint with varying 
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rotational degrees of freedom (DOFs) moving 
instantaneously at the center of pressure (COP) 
(Schwartz and Lakin, 2003; Goldberg and 
Kepple, 2009; Hamner et al., 2010; Kepple et al., 
1997) or at multiple joints distributed over the 
foot sole (Anderson and Pandy, 2003; Wang and 
Gutierrez-Farewik, 2011). Studies also exist 
which model the shoe sole and underlying soft 
tissue behavior during contact with a compliant 
contact model  multiple foot-floor interaction 
points using visco-elastic elements (Neptune et 
al., 2004a; Sasaki and Neptune, 2006).  

In the rigid-contact model, locations and 
DOFs of FGC joints are key factors in 
validating the investigation of interest. In 
particular, the COP path is usually obtained 
from forceplates, whose resolution and 
frequency can considerably influence the 
accuracy of the COP path. A mediolateral shift 
of the COP during walking is often associated 
with the foot malalignment; the COP path tends 
to move medially in foot pronation and laterally 
in supination (Yoon et al., 2010). A recent study 
has reported that the number of foot-contact 
points and kinematic constraints affect 
simulated muscle functions, by examining 

 contributions to the GRF (Dorn et al., 
2011). However, the sensitivity of simulated 
muscle-induced joint angular accelerations to 
the location of the COP path and locations of 
FGC joints have not been investigated. The aim 
of this study was to determine the influences of 
location of the COP path and constraints of FGC 
joints on potential dynamic functions of the 
medial gastrocnemius, soleus and tibialis 
anterior in accelerating lower limb joints during 
the stance phase of gait.  

2. Methods 
 

2.1 Configuration data 

Eight healthy adults were examined while 
walking at a self-selected speed, using an 8-
camera motion capture system (Vicon MX40, 
Oxford, UK). Sixty-four reflective markers 
(9mm) were placed bilaterally on body 
landmarks based on a conventional full-body 
marker set (Vicon Plug-in-Gait), plus a multi-
segment foot model marker set (Stebbins et al., 
2006). GRF and COP data were obtained from 
two forceplates (Kistler) at 1000Hz. Due to lack 

of trailing limb forceplate data from leading leg 
initial contact to trailing leg toe-off, 
corresponding trailing limb forceplate data from 
the subsequent gait cycle was merged to yield a 
complete data set of the stance phase (Gutierrez-
Farewik et al., 2006). Ethical approval for this 
study was obtained.  

2.2  Musculoskeletal model and simulations 

The generic model was described in a 
previous study (Wang and Gutierrez-Farewik, 
2011). The model consisted of 28 rigid 
segments and 88 muscles. The pelvis could 
rotate and translate in 3D with respect to the 
ground. Hips were modeled as ball-and-socket 
joints, and knees as planar joints. The talocrural, 
subtalar, and metatarsophalangeal joints were 
modeled as hinge joints (Delp et al., 1990). The 
generic model was scaled to fit each subject 
based on tracked marker data. The inverse 
kinematics algorithm solved for joint kinematics 
that minimized the differences between 
experimental and virtual marker positions. 
Dynamic inconsistency between measured 
ground reaction force (GRF) and the kinematics 
was resolved by applying small external forces 
and torques (i.e. residuals) to the torso and 

properties and kinematics (Delp et al., 2007). 
Computed muscle control (CMC) was utilized 
to determine a set of muscle excitations that 

kinematics (Thelen and Anderson, 2006).  
IAA was used to compute the contribution 

of the gastrocnemius, soleus and tibialis anterior 
on the lower limb joints  angular accelerations 
with different foot-ground contact models. The 
dynamic equations of motion were outlined by 
Zajac and Gordon (Zajac and Gordon, 1989) 
and detailed in a recent study (Hamner et al., 
2010). 

2.3  Foot-ground contact model 

Two types of FGC models commonly used 
in published studies -  

- were evaluated in this study. The stance 
phase was divided into four sub-phases: initial-
contact to foot- st - nd 

- rd 
toe-flat to foot- -  



3  

  

Figure	
  1.	
  
	
  the	
  

mean	
  ±	
  1	
  S.D.	
  of	
  each	
  sub-­‐phase	
  of	
  eight	
  subjects.	
  Dashed	
  lines	
  divide	
  the	
  stance	
  phase	
  into	
  4	
  sub-­‐phases:	
  
1st	
  rocker,	
  2nd	
  rocker,	
  3rd	
  rocker	
  and	
  toe-­‐off.	
  

Each FGC model was added bilaterally in 

three FGC joints were created and served as 
constraints for the estimated COP during gait: 

the third metatarsal 
hallux . Two set of 

foot was completely fixed to the ground in the 
2nd rocker. During the rest of the stance phase, 3 
DOFs were allowed at the GFH, GFM and GFT 

1st rocker, 3 DOFs were allowed at GFH joint. 
In the 2nd rocker, the foot is completely fixed to 
the ground. In the 3rd rocker, only a sagittal 
DOF was allowed at the GFM joint. In toe-off, 
sagittal and transverse DOFs were allowed at 
the GFT joint (Appendix A).  

3 rotational DOFs moved instantaneously along 
the recorded COP. In order to study the 
influences of the location of the COP, the lateral 

and medial shift of the path of COP was 
modeled by moving foot-ground joints laterally 

 

2.4 Comparisons 
Three comparisons were evaluated in this 

study based on two FGC models (Section 2.3.). 
 

2.4.1 Comparison 1 

The muscle induced accelerations (MIAs) 

s.  model, FGC 
joints had DOF  constraints. 

2.4.2 Comparison 2 

The MIAs 

DOF constraints.  
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Figure	
  2.	
  Angular	
  accelerations	
  of	
  the	
  knee,	
  ankle,	
  and	
  subtalar	
  

Each	
  bar	
  represents	
  the	
  mean	
  ±	
  1	
  S.D.	
  of	
  each	
  sub-­‐phase	
  of	
  eight	
  subjects.	
  Dashed	
  lines	
  divide	
  the	
  stance	
  
phase	
  into	
  4	
  sub-­‐phases:	
  1st	
  rocker,	
  2nd	
  rocker,	
  3rd	
  rocker	
  and	
  toe-­‐off.	
  

2.4.3 Comparison 3 

model with lateral and medial shift of COP. 

2.5 Data Analysis 

In each comparison, the gastrocnemius, 
soleus 
contributions to the hip, knee, ankle and subtalar 
joint angular accelerations were averaged 
throughout each sub-phase. In Comparison 3, 
the absolute mean differences were also 
quantified for each subject and averaged across 
all subjects to obtain a mean difference in each 
sub-phase.  

3. Results 

Inverse kinematics analysis of two FGC 
models tracked the measured joint angles with 
an RMS error of less than 3 degrees. The 

superposition of contributions due to all forces 
(e.g. muscles, gravity and centrifugal forces) to 
the GRF were in agreement with measured GRF 
in the models 
(Appendix B).  

3.1 Comparison 1 

In general, t
potential function at the hip (sagittal plane), 
knee, ankle and subtalar joint were similar in the 

 (Figs 1-
2). However, opposing accelerations can be 
found at the hip and knee. Opposing potentials 
were found in hip frontal and transverse plane 
rotations, e.g. soleus had potential to abduct and 

adduct and inter moving 
st rocker. Some magnitude 

discrepancies were also noticeable, in particular, 
in the tibialis anterior .  
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Figure	
  3.	
  Non-­‐sagittal	
  plane	
  joint	
  accelerations	
  at	
  the	
  hip	
  and	
  subtalar	
  joints	
   induced	
  by	
  gastrocnemius	
  
oot	
   ground	
  

contact	
  model.	
  Each	
  bar	
   represents	
   the	
  mean	
  ±	
  1	
  S.D.	
  of	
  each	
  sub-­‐phase	
  of	
  eight	
  subjects.	
  Dashed	
   lines	
  
divide	
  the	
  stance	
  phase	
  into	
  4	
  sub-­‐phases:	
  1st	
  rocker,	
  2nd	
  rocker,	
  3rd	
  rocker	
  and	
  toe-­‐off.	
  

3.2 Comparison 2 

The gastrocnemius and soleus had very 
similar potentials to accelerate the hip in all 
three planes with the two types of constraints. 
The tibialis anterior induced less hip abduction 
acceleration in  DOF -flat 
(Fig 3). No obvious differences can be found in 
general trends potential to 
accelerate knee and ankle joints (Appendix C), 
except at the subtalar joint, less inversion 
acceleration was induced by tibialis anterior in 

 DOF  in the 3rd rocker 
and toe-off. 

3.3 Comparison 3 

At the hip, very small effects can be found 
s to flex/extend the 

hip by shifting the COP; however, the 
potential functions in the frontal and transverse 
planes were more sensitive to COP shifting (Fig 
4). In the frontal plane, the 
functions were more sensitive to the medial 

COP shift than the lateral shift, but the 
directions were consistent with the observed 
COP (Appendix D). In the transverse plane, the 
gastrocnemius and soleus had potentials to 
rotate the hip externally and the tibialis anterior 
to rotate hip internally when the COP was 
shifted medially. When the COP was shifted 

with the observed COP with some magnitude 
differences. At the ankle, the potential 
accelerations were more sensitive to the lateral 
COP shift (Fig 5). For instance, tibialis anterior 
increased its potential to dorsiflex the ankle, and 
the gastrocnemius and soleus increased their 
potentials to plantarflex the ankle. At the knee 
and subtalar joints, an
were influenced inconsistently by the medial 
and lateral shift of the COP in each sub-phase; 
at the subtalar joint, the gastrocnemius and 
soleus were more sensitive to medial COP shift 
in the 1st rocker, but were more sensitive to 
lateral COP shift in the 3rd rocker and toe-off. 
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Figure	
  4.	
  Angular	
  accelerations	
  of	
  the	
  hip	
  joint	
  induced	
  by	
  gastrocnemius	
  
-­‐foot	
  contact	
  model.	
  Each	
  mark	
  represents	
  the	
  mean	
  of	
  each	
  sub-­‐

phase	
  of	
  six	
  subjects	
  in	
  the	
  observed	
  COP,	
  and	
  with	
  COP	
  shifted	
  medially	
  and	
  laterally.	
  Dash	
  lines	
  divided	
  
the	
  stance	
  phase	
  into	
  4	
  sub-­‐phases:	
  1st	
  rocker,	
  2nd	
  rocker,	
  3rd	
  rocker	
  and	
  toe-­‐off.	
  	
  

4. Discussion 

The foot-ground model plays a particularly 
important role in IAA since only one Newton of 
muscle force and corresponding ground reaction 
force with constrained foot-ground contact are 
presented in the dynamic equations. Computed 
potential contributions of the gastrocnemius, 
soleus and tibialis anterior in the frontal and 
transverse plane joint accelerations were 
sensitive to the applied DOFs constraints and 
location of constraint forces, but with the latter 
one more influential. 

The essential differences between FGC 
models were the ground reaction constraint 
force, given a prescribed configuration and 
applying a unit muscle force. The constraint 
force was further determined by its prescribed 
DOFs and the location of application. 
Comparison 1 is the consequence of the latter. 
In the current study, the qualitative trend of the 

, which is commonly used 
in rigid-contact modelling, agreed with previous 
reports. In addition to dorsiflexion potentials, 
knee flexion potential was observed in the 1st 

rocker by the tibialis anterior, which has been 
attributed to shock absorption during weight-
acceptance (Perry, 1992). The soleus can 
plantarflex the ankle, and extend the hip and 
knee in mid-stance (Hicks et al., 2007; Schwartz 
and Lakin, 2003). Knee extension potential was 
found in part of the stance-phase in the 
gastrocnemius, corresponding to findings by 
Neptune et al., even though this opposes its 
anatomical classification (Neptune et al., 2004b). 
In comparison 1, qualitative trends in lower 

MIAs were similar in the 
two FGC models, but more pronounced 
differences can be found in the hip frontal and 
transverse planes accelerations. The locations of 
reaction force application were assumed in the 
horizontal plane (ground), which can influence 
constraint forces in the frontal and transverse 
planes. In a recent study evaluating the FGC 

contributions to the GRF, authors have also 
concluded that predicted muscle function in the 
medial-lateral plane are sensitive to the number 
of foot-contact points (Dorn et al., 2011).  
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Figure	
  5.	
  

	
   -­‐foot	
   contact	
   model.	
   Each	
   mark	
  
represents	
   the	
   mean	
   of	
   each	
   sub-­‐phase	
   of	
   eight	
   subjects	
   in	
   the	
   observed	
   COP,	
   and	
   with	
   COP	
   shifted	
  
medially	
  and	
   laterally.	
  Dash	
   lines	
  divided	
   the	
  stance	
  phase	
   into	
  4	
  sub-­‐phases:	
  1st	
   rocker,	
  2nd	
  rocker,	
  3rd	
  
rocker	
  and	
  toe-­‐off. 

The  DOF  DOF
constraints did not produce obvious deviations 
in the trends of acceleration potentials. 
A recent study has indicated that kinematic 
constraint in the frontal plane affects the model 
calculations of muscle contributions to the 
medial-lateral GRFs, and the transverse 
constraints have little effect (Dorn et al., 2011). 
In our study, the MIAs were almost identical in 
the 1st and 2nd rockers due to the same 
constraints. Only slight differences were found 
in gastrocnemius and soleus in accelerating 
joints after foot-flat. Compared to the 

the frontal and transverse 
plane DOFs during 3rd rocker and the frontal 
plane rotation in toe-off were blocked in the 

 which influenced the constraint 
forces in these two directions. The tibialis 
anterior was found more sensitive to variations 
in DOFs, which was probably associated with 
its secondary function to create subtalar 
inversion by adducting the calcaneus. In other 
words, its anatomical function made it able to 

resist the reaction constraint forces in the frontal 
planes.  

COP locations were found to have 
considerable effects on the potential ankle 
muscle functions. In a previous study, Kimmel 
concluded that moving the COP location had the 
smallest effect among changing the location of 
muscle origin, muscle insertion, joint center and 
COP (Kimmel, 2004). In contrast, non-sagittal 
plane MIAs at all joints were visibly affected by 
COP locations. Interestingly, MIA influences 
were inconsistent at each joint as well as in each 
sub-phase (Appendix D). For example, at the 
subtalar joint s were 
more sensitive to the medial COP shift during 
the 1st rocker, but they were more affected by 
the lateral shift after foot-flat. At the ankle, 

functions were more 
sensitive to the lateral shift throughout the 
whole stance phase. The influences of COP path 
on muscle function were very complicated to 
predict even with a given muscle force, which 
was influenced by the location and direction of 
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the joint axis, muscle moment arm, constraint 
reaction force and its moment arm. Nevertheless, 
most of these factors were not constant variables 
in the movement. Previous studies have reported 
that the gastrocnemius and soleus can switch 
moment directions depending on the position of 
the subtalar joint, while the tibialis anterior has 
a consistent inversion moment (Klein et al., 
1996; Wang and Gutierrez-Farewik, 2011). 
When COP location was shifted, the moment 
arm of the foot-ground constraint force also 
depended on the relative position of the COP 
location and the joint axis. Moreover, the 
dynamic coupling effects must also to be taken 
into account, e.g. the large plantarflexion 
acceleration generated by the gastrocnemius and 
soleus at the ankle can also cause eversion 
acceleration in the subtalar joint (Wang and 
Gutierrez-Farewik, 2011). 

Several limitations should be kept in mind. 
It is worthy to note that lack of 
electromyography data may affect the validity in 
the GRF superposition, although relative low 
superposition error was noticed in the study. A 
previous study has also indicated that 
superposition error only quantifies the accuracy 
with which the various action forces sum to the 
total GRF; it does not verify the calculations of 
the contributions of the individual action forces 
themselves (Dorn et al., 2011). Consequently, 
only potential muscle function (acceleration per 
unit muscle force) was quantified in the study, 
which did not depend on the activation level of 
each muscle so as to exclude the potential 
uncertainties from predicted muscle activation. 
In addition, it is worth mentioning that the COP 
was only shifted only 10% foot width (an 
average of 8.5 mm) in Comparison 3. To which 
extent IAA results can be affected by realistic 
force magnitudes may warrant future 
investigations. 

5. Conclusions 

IAA has been used increasingly often to 
investigate the influences of gait deviations on 
individual muscle functions, which are difficult 
to address due to the complexity of multi-joint 
dynamics. However, lack of sensitivity analysis 
largely limits its validation and clinical 
applicability. Our study examined the effect of 
locations and constraints of FGC joints on the 
computed muscle functions. In general, non-
sagittal plane potential muscle functions were 

most influenced by FGC models. Ankle 
potential functions were influenced differently 
at each joint as well as in each sub-phase when 
COP location was shifted. Among all three 
muscles, tibialis anterior was the only one 
whose function was affected by both locations 
and DOFs in the FGC models; the 
gastrocnemius and soleus functions were 
influenced trivially by the DOFs of constraint 
joint. Care should be taken in applying 
appropriate constraints and locations of the FGC 
joints, especially in investigations of non-
sagittal plane joint accelerations. 
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Appendix  A  
Three ground foot joints were fixed under the foot  

 constraint, the foot was completely fixed to the ground in the 2nd 
rocker. During the rest of the stance phase, 3 DOFs were allowed at GFH, GFM and GFT joints. In 

the foot is completely fixed to the ground. In the 3rd rocker, only a sagittal DOF was allowed at the 
GFM joint. In toe-off, sagittal and transverse DOFs were allowed at the GFT joint.  
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Appendix C 
Sagittal plane angular accelerations of the hip, knee and subtalar joints induced by gastrocnemius 

ground contact model. Each bar represents the mean ± 1 S.D. of each sub-phase of six subjects. 
Dashed lines divide the stance phase into 4 sub-phases: 1st rocker, 2nd rocker, 3rd rocker and toe-off. 
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Appendix D 
Absolute mean differences ± 1 S.D. between lateral shift of COP and observed COP (DiffL), and 

-ground contact 

n each sub-phase. 
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Abstract 
It has been reported that excessive co-contraction is a cause of inefficient or abnormal movement in 
some neuromuscular pathologies. How synergistic muscles and proximal muscles (i.e. knee muscles) 
adapt to the co-contraction of ankle muscles is not well understood. The purpose of this study was to 
identify the necessary compensation strategies to overcome excessive antagonistic muscle co-
contraction at the ankle joint and retain a normal walking pattern. Muscle-actuated simulation of 
normal walking and induced acceleration analysis were performed to quantify compensatory 
mechanisms of primary ankle and knee muscles in the presence of normal, medium and high levels of 
co-contraction of two antagonistic pairs (pair 1: gastrocnemius-tibialis anterior and pair 2: soleus-
tibialis anterior) in single-limb stance and pre-swing phases. The study showed that if the co-
contraction level increases, the nearby synergistic muscles can contribute most to compensation, e.g. 
with gastrocmemius-tibialis anterior co-contraction, the soleus will be the dominant contributor to 
ankle plantarflexion acceleration, and quadriceps and rectus femoris to knee extension acceleration. In 
contrast, with soleus-tibialis anterior co-contraction, the sartorius and hamstrings can provide 
important compensatory roles in knee accelerations. We also found that the ankle and knee muscles 
alone can provide sufficient compensation at the ankle joint, but hip muscles must be involved to 
generate sufficient knee moment. Our findings imply that subjects with a certain level of 
dorsiflexors/plantarflexor co-contraction can still perform normal walking. The compensatory 
mechanism can be useful in clinical interpretation of motion analyses, when secondary muscle co-
contraction or other deficits may present simultaneously in subjects with motion disorders. 
 
Keywords: gait analysis, muscle-actuated simulation, gastrocnemius, soleus, tibialis anterior 
 
1. Introduction 

Co-contraction, the concurrent activation of 
agonist and antagonist muscles (antagonistic 
pairs) across the same joint, occurs in many 
activities including posture control, walking, 
and running (Winter, 1990; Nagai et al., 2011; 
Falconer and Winter, 1985). In normal gait, 
antagonistic muscle pairs in the lower 
extremities contract in an alternating pattern 
with low durations of concurrent activity to 
generate sufficient joint moment (Grasso et al., 
2000). The function of muscle co-contraction as 
joint stabilizing has been observed by Falconer 
and Winter (Falconer and Winter, 1985), who 
calculated a co-contraction value for ankle joint 
plantar- and dorsiflexors and found highest co-
contraction values in the weight-acceptance 
phase and lowest in push-off and swing phases. 
In some gait disorders, e.g. spastic gait due to 

central nervous system disorders, the temporal 
separation and magnitude differences of 
activities between agonist-antagonist muscles 
are frequently attenuated and motor control 
becomes poor (Dierick et al., 2002).  

It has been reported that excessive co-
contraction can cause inefficient or abnormal 
movement in some neuromuscular pathologies 
and is even associated with normal aging. 
Reduced plantarflexor moment was found on 
the non-paretic side in patients after stroke, 
attributable to excessive gastrocnemius-tibialis 
anterior co-contraction and involved in high 
energy cost of locomotion (Lamontagne et al., 
2002). In persons with knee osteoarthritis, 
increased co-contraction during daily activities 
through increased hamstrings activity and 
reduced quadriceps activity has been interpreted 
as a compensatory adaptation to quadriceps 
weakness, pain and altered local joint 
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environment, e.g. loading distributions 
(Hortobaígyi et al., 2005; Sharma, 2001). Biceps 
femoris-vastus lateralis and gastrocnemius-
tibialis anterior co-contraction have been 
reported higher in elderly than in young subjects 
during stepping down (Hortobagyi and DeVita, 
2000). Assessment of co-contraction is most 
often carried out by measuring muscle activity 
with electromyography (EMG) and quantified 
using indices (Frost et al., 1997; Hubley-Kozey 
et al., 2009), but there are limitations in the 
number of the muscles feasibly recordable, and 
the necessary compensation strategies to 
overcome excessive co-contraction are not 
possible to assess. 

One of the mechanisms to generate normal 
walking is to regulate the whole-body angular 
momentum by muscle force generation operated 
by the central nervous system (Hogan, 1984). 
Due to muscle redundancy, various neuromotor 
strategies may exist to compensate for excessive 
muscle co-contraction, but this has not yet been 
studied. In addition, lower limb muscles can 
accelerate all joints and segments depending on 
the body configuration (Zajac et al., 2002). 
Muscle-actuated simulations provide a platform 
to investigate the causal relationship between 
muscle activation, muscle forces acting on the 
skeletal system, generated joint moments and 
movement pattern. For instance, compared to 
heel-toe walking, increased soleus and 
gastrocnemius contributions to body support and 
forward propulsion were observed in early 
stance in toe-walking (Sasaki et al., 2008). A 
dynamic simulation study of crouch gait 
revealed that larger muscle force is needed to 
support body weight and propel the body 
forward in single-limb stance than in 
unimpaired gait (Steele et al., 2010).  

The goals of this study were to use 
computed muscle control and induced 
acceleration analysis to analyze dynamic muscle 
functions walking at a nominal speed and to 
identify the necessary compensatory 
mechanisms to overcome excessive co-
contraction of gastrocnemius-tibialis anterior 
and soleus-tibialis anterior pairs and retain a 
normal walking pattern.  

2. Methods 
 

2.1. Musculoskeletal model 

A generic musculoskeletal model with 14 
segments, 23 degree-of-freedom and 96 

musculotendon actuators was used to create the 
simulation. The head and torso were modeled as 
a single rigid body, which articulated with the 
pelvis via a ball-and-socket back joint. Each hip 
was modeled as a ball-and-socket joint, each 
knee as a hinge joint, and each ankle, subtalar 
and metatarsophalangeal joints as revolute joints 
(Arnold et al., 2010). Simulations of stance-
phase were generated using OpenSim (Delp et 
al., 2007). The period from initial contact to 
contralateral toe-off (approximately the first 
14% of the gait cycle) was not included in this 
study due to lack of bilateral force plate data. 

2.2. Subjects 

Nine healthy adults (5 females and 4 males, 
age: 30 ± 3yrs, weight: 64 ± 11kg, height: 1.68 
± 0.09m), were examined while walking at a 
self-selected speed, using an 8-camera motion 
capture system (Vicon MX40, Oxford, UK) and 
two forceplates (Kistler, Winterthur, 
Switzerland). Several trials were collected on 
each subject and motion was obtained by fitting 
the musculoskeletal model to tracked marker 
data from one representative trial. Sixty-four 
reflective markers (9mm) were placed 
bilaterally on bony landmarks based on a 
conventional full-body marker set (Vicon Plug-
in-Gait), plus a multi-segment foot model 
marker set (Stebbins et al., 2006). Surface EMG 
signals (Motion Laboratory System, Baton 
Rouge, LA) according to standardized electrode 
placement (www.seniam.org) were recorded 
from the biceps femoris long head (BFLH), 
rectus femoris (RF), medial gastrocnemius 
(GAS), soleus (SOL) and tibialis anterior (TA) 
bilaterally. Ethical approval for data collection 
was obtained. Subjects participated with 
informed consent. EMG was sampled at 
1000Hz, rectified and linear enveloped (2nd 
order bidirectional Butterworth filter with cut-
off frequency at 6Hz). EMG for each muscle 
was normalized from zero to one based on 
maximum values of that muscle s activation 
over the whole gait cycle.  

2.3. Dynamic simulation 

The model was scaled to each subject based 
on the marker set (Wang and Gutierrez-Farewik, 
2011). The inverse kinematics algorithm solved 
for joint kinematics that minimized the 
differences between experimental and virtual 
marker positions.  
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Figure	
  1:	
  A	
  sample	
  calculation	
  of	
  co-­‐contraction	
  of	
  the	
  gastrocnemius-­‐tibialis	
  anterior	
  pair.	
  Excessive	
  co-­‐
contractions	
   (medium,	
  high)	
  were	
  calculated	
  based	
  on	
   computed	
  muscle	
  excitation	
   in	
  normal	
  gait.	
   The	
  
single-­‐limb	
   stance	
   phase	
   and	
   pre-­‐swing	
   phase	
  was	
   divided	
   into	
   three	
   sub-­‐phases	
   depending	
   on	
  which	
  
muscle	
  served	
  as	
  agonist	
  or	
  antagonist.	
  Muscle	
  excitation	
  is	
  presented	
  from	
  0	
  (no	
  excitation)	
  to	
  1	
  (fully	
  
excited)	
  scale.	
  

Dynamic inconsistency between the measured 
ground reaction forces (GRF) and the 
kinematics was resolved by applying small 
external forces and torques (i.e. residuals) to the 
torso and making small adjustments to the 

(Delp et 
al., 2007). Computed muscle control (CMC) 
(Thelen and Anderson, 2006), with constraints 
on muscle excitation, was used to find a set of 
actuator excitations that would both track the 
experimental kinematics and be generally 
consistent with experimental EMG patterns. 
CMC solves a static optimization problem to 
resolve muscle redundancy by minimizing the 
sum of the square of muscle activations, while 
accounting for muscle activation and contraction 
dynamics (Crowninshield and Brand, 1981; 
Zajac and Gordon, 1989).  

Induced acceleration analysis (IAA) was 
used to compute contributions of individual 
muscles to accelerations of ankle and knee joints 
using the simulated muscle forces from CMC. 
The dynamic equations of motion were outlined 
by Zajac and Gordon (Zajac and Gordon, 1989) 
and detailed in a recent study (Hamner et al., 
2010). The foot-floor interaction was modeled 
as a rolling-on-surface joint which did not allow 

slipping, twisting or penetrating the floor, as 
described in a recent study (Hamner et al., 
2010). 

2.4. Muscle co-contraction analyses 

According to Falconer and Winter 
(Falconer and Winter, 1985), the agonist and 
antagonist muscle can be estimated using 
normalized EMG by defining the one with lesser 
activation as antagonist. Three co-contraction 
levels (normal, medium and high) of two ankle 
joint antagonistic pairs (pair 1: GAS-TA, pair 2: 
SOL-TA) were evaluated during normal gait. At 
the normal level, the excitations of antagonistic 
pairs were computed in CMC with experimental 
EMG constraints as described in Section 2.3. 
The co-contraction ratio  was defined 
according to Eq.1: 

 
     (1) 

where  is excitation of the 
antagonist muscle under medium or high level 
co-contraction,  is 

1st  subphase  

(Tibant  agonist)  

  

2nd  subphase  

(GasMed  agonist)  

3rd  subphase  

(Tibant  agonist)  
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excitation of the antagonist muscle under 
normal co-contraction,  is the co-contraction 
ratio,  is excitation of the 
agonist muscle under normal co-contraction, 
and  is excitation of the 
antagonist muscle under normal co-contraction. 
A medium level of co-contraction was defined 
as , and a high level as , and 
were simulated by increasing the antagonist 
activity (Fig. 1). 

In order to simulate the response of other 
muscles to the excessive co-contracted 
antagonistic pair, CMC and IAA were repeated 
after constraining excitations of the antagonistic 
pair at each co-contraction level. 

2.5. Co-contraction Index 

The co-contraction index (CI) was 
calculated in normal, medium and high levels of 
co-contraction using the computed excitations 
(Eq. 2) (Falconer and Winter, 1985). 

 

     (2) 
Where  is the area of the total antagonist 
activity, e.g. GAS-TA, calculated in accord with 
Eq 3. 

 

     (3) 
Where t1 to t2 denotes the period during which 
the excitation of TA is less than GAS and t2 to 
t3 denotes the period during which excitation of 
GAS is less than TA.  is the integral of the 
sum of GAS and TA during the movement, 
calculated according to Eq. 4 

 
     (4) 

2.6. Data analysis 

Three sub-phases were identified according 
to the role of the agonist and antagonist muscle 
in each subject (Table 1). Contributions from 
primary ankle dorsiflexors/plantarflexors (GAS, 
SOL, TP: tibialis posterior; PL: peroneus 
longus; EDL: extensor digitorum longus; EHL: 
extensor hallucis longus) and knee 
flexors/extensors (HAMS: semimembranosus, 

semitendinosus and BFLH combined; BFSH: 
biceps femoris short head; GRC: gracilis; 
SART: Sartorius; VAS: vastus medialis, vastus 
intermedius, and vastus lateralis combined; RF: 
rectus femoris) to knee and ankle angular 
accelerations were averaged throughout each 
sub-phase. In the SOL-TA pair, only data from 
the 2nd sub-phase was presented since not all 
subjects had a 1st sub-phase and the number of 
data points in the 3rd sub-phase was not always 
sufficient. 

3. Results 

The muscle-actuated simulation tracked 
joint angles and resultant joint moments 
(normalized by body weight) with an RMS error 
of less than 2 degrees and 0.05 Nm/kg (Fig. 2). 
To test the validity of the IAA, we verified that 
the sum of all contributions due to muscles, 
gravity, and velocity-related forces (centrifugal 
and Coriolis forces) were in agreement with 
accelerations of ankle and knee joint calculated 
from experimental data. The simulated muscle 
activation showed similar on-off patterns to the 
observed EMGs. 

3.1. Co-contraction Index 

At normal co-contraction, CI was 0.28 ± 
0.08 (mean ± S.D.) and 0.31±0.07 in the GAS-
TA and SOL-TA pairs, respectively. At medium 
and high co-contraction levels, CI in the GAS-
TA pair increased to 0.58 ± 0.04 and 0.79 ± 
0.02, respectively, and in the SOL-TA pair, to 
0.60 ± 0.03 and 0.80 ± 0.02, respectively. 

3.2. Gastrocnemius-tibialis anterior co-
contraction pair 
 

3.2.1. The 1st subphase 

The 1st subphase is characterized by TA as 
agonist. At the ankle joint, the net effect of knee 
and ankle muscles was to accelerate the ankle 
(stance limb) into plantarflexion (Fig. 3). Ankle 
plantarflexors GAS and SOL contributed the 
most to plantarflexion acceleration, with most 
assistance from knee extensor RF. Other 
muscles decelerated ankle plantarflexion, 
including TA, TP, EDL, EHL, HAMS, GRC 
and VAS. When GAS-TA co-contraction was 
increased through increased excitation of GAS, 
GAS contributed more to plantarflexion 
acceleration. 
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Table	
  1:	
  Agonist	
  and	
  antagonist	
  muscle	
  were	
  determined	
  in	
  each	
  sub-­‐phase.	
  The	
  percent	
  of	
  each	
  sub-­‐phase	
  was	
  
averaged	
  in	
  9	
  subjects.	
  
	
  

  GAS-TA SOL-TA 

  
1st 

subphase 
2nd 

subphase 
3rd 

subphase 
2nd 

subphase 
percent of 
gait cycle (%) 

15-25 26-52 53-61 30-55 

Agonist  TA GAS TA SOL 
Antagonist GAS TA GAS TA 
GAS: gastrocnemius median; TA: tibialis anterior; SOL: soleus 

 

Figure	
  2:	
  Comparison	
  of	
  simulated	
  (blue	
  dash	
  line)	
  and	
  experimentally	
  (black	
  line)	
  measured	
  joint	
  angles	
  and	
  
cycle.	
   Simulated	
   data	
   are	
   the	
  

averaged	
   value	
   reproduced	
   by	
   simulation.	
   The	
   simulated	
   joint	
   angles	
   and	
   moments	
   are	
   only	
   available	
   for	
  
single-­‐limb	
  and	
  pre-­‐swing	
  phase	
  (15%-­‐61%	
  gait	
  cycle).	
  

The primary compensation was decreased SOL 
excitation, which resulted in a reduced 
contribution to plantarflexion acceleration. 
Some of the other muscles also compensated, 
e.g. knee extensor RF increased its excitation to 
contribute more to plantarflexion acceleration. 

At the knee joint, the net effect of knee 
and ankle muscles was to accelerate the knee 
into extension (Fig. 4). The knee extensor VAS 
contributed most to the extension acceleration. 
Knee flexors (GAS, BFSH, GRC and SART) 
and ankle dorsiflexor TA decelerated knee 
flexion. Other muscles had very small 
contributions to knee flexion acceleration. When 
GAS -TA co-contraction was increased through 
increased excitation of GAS, GAS contributed 

more to decelerating knee extension. The 
primary compensation was increased excitation 
of VAS, which led to a higher contribution to 
knee extension acceleration. 

3.2.2. The 2nd subphase 

The 2nd subphase is characterized by GAS 
as agonist. Similar to the 1st sub-phase, the net 
effect of knee and ankle muscles was to 
accelerate the ankle into plantarflexion primarily 
by GAS and SOL. Besides ankle dorsiflexors 
(TA, EDL and EHL), TP and HAMS 
decelerated ankle plantarflexion. Other knee 
muscles had very small contributions to ankle 
plantarflexion.



6  

-­‐20000

-­‐15000

-­‐10000

-­‐5000

0

5000
2
)  

p
la
n
ta
rf
le
xi
o
n
      
      
      
      
      
  d
o
rs
if
le
xi
o
n
  

1st  subphase  

norm

medium

high

-­‐12000

-­‐8000

-­‐4000

0

4000

2
)  

p
la
n
ta
rf
le
xi
o
n
      
      
      
      
      
    d
o
rs
if
le
xi
o
n
  

2nd  subphase  

norm

medium

high

-­‐4000

0

4000

8000

2
)  

p
la
n
ta
rf
le
xi
o
n
      
      
      
      
      
d
o
rs
if
le
xi
o
n
  

3rd  subphase  

norm

medium

high

Figure	
  3:	
  Contributions	
  from	
  primary	
  ankle	
  and	
  knee	
  muscle	
  groups	
  (grouped	
  by	
  anatomy	
  function)	
  to	
  ankle	
  
dorsiflexion	
  accelerations	
  during	
  1st,	
  2nd	
  and	
  3rd	
  sub-­‐phases	
  in	
  the	
  gastrocnemius-­‐tibialis	
  anterior	
  pair.	
  Each	
  bar	
  
represented	
  the	
  mean	
  ±	
  1	
  S.D.	
  of	
  the	
  9	
  subjects	
  in	
  normal,	
  medium	
  and	
  high	
  co-­‐contraction	
  levels.	
  The	
  net	
  effect	
  

tibialis	
  anterior;	
  SOL:	
  soleus;	
  TP:	
  tibialis	
  posterior;	
  PL:	
  peroneus	
  longus;	
  EDL:	
  extensor	
  digitorum	
  longus;	
  EHL:	
  
extensor	
   hallucis	
   longus;	
   HAMS:	
   semimembranosus,	
   semitendinosus	
   and	
   biceps	
   femoris	
   long	
   head;	
   BFSH:	
  
biceps	
  femoris	
  short	
  head;	
  GRC:	
  gracilis;	
  SART:	
  sartorius;	
  VAS:	
  vastus	
  medialis,	
  vastus	
  intermedius,	
  and	
  vastus	
  
lateralis;	
   RF:	
   rectus	
   femoris).	
   The	
   excitation	
   of	
   agonist	
   muscle	
   is	
   constrained	
   to	
   be	
   the	
   same	
   when	
   the	
  
excitation	
  of	
  the	
  antagonist	
  is	
  increased.	
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The primary compensation was increased 
excitation of SOL, which led to a higher 
contribution to plantarflexion acceleration. 
Other ankle muscles also compensated, to a less 
extent, i.e. increased excitation of EDL and PL, 
which led to higher contribution to 
plantarflexion decelerating and acceleration 
respectively. 

At the knee joint, the net effect of knee 
and ankle muscles was to accelerate the knee 
into extension primarily by knee extensors 
(VAS and RF), ankle dorsiflexor TB and ankle 
plantarflexor SOL. Knee flexors GAS, BFSH 
and SART decelerated knee extension. Other 
muscles had very small contributions to knee 
flexion. When GAS-TA co-contraction was 
increased through increased excitation of TA, 
TA contributed more to accelerate knee 
extension. The primary compensation was 
decreased extension acceleration by knee 
extensors, i.e. increased excitation of VAS and 
decreased excitation of RF, which led to the 
increased extension deceleration contribution 
and decreased extension deceleration 
contribution respectively. Decreased excitation 
of HAMs was also found, which led to the 
decreased extension acceleration contribution. 

3.2.3. The 3rd subphase 

The 3rd subphase is characterized by TA as 
agonist. At the ankle joint, the net effect of knee 
and ankle muscles was to accelerate the ankle 
into dorsiflexion primarily by TA. Other ankle 
dorsiflexors (EDL and EHL), knee flexor 
HAMS and knee extensor VAS also contributed 
to dorsiflexion acceleration. Except TP, ankle 
plantarflexors GAS, SOL and PL contributed to 
dorsiflexion deceleration. When GAS-TA co-
contraction was increased through increased 
excitation of GAS, GAS contributed slightly 
more to plantarflexion deceleration. The 
primary compensation was decreased excitation 
of SOL and increased excitation of TP, which 
led to the decreased dorsiflexion deceleration 
contribution and increased acceleration 
contribution. 

At the knee joint, the net effect of knee and 
ankle muscles was to accelerate the knee into 
extension primarily by knee extensor (VAS and 
RF). Knee flexor (GAS, BFSH and SART) and 
ankle dorsiflexors (TA) contributed to knee 
extension deceleration. When GAS-TA co-
contraction was increased through increased 
excitation of GAS, compensations were mostly 

found in knee flexors (HAMS and SART) and 
extensors (VAS and RF). 

3.3. Soleus-tibialis anterior co-contraction pair 

The 2nd sub-phase is characterized by SOL 
as agonist. At the ankle joint, when SOL-TA co-
contraction was increased through increased 
excitation of TA, TA contributed more to 
decelerate plantarflexion. The primary 
compensation was increased excitation of GAS, 
which led to increased plantarflexion 
acceleration contribution (Fig. 5).  

At the knee joint, when SOL-TA co-
contraction was increased through increased 
excitation of TA, TA contributed more to 
accelerate knee extension. The primary 
compensation was increased excitation of GAS 
and SART, which led to higher knee extension 
deceleration contribution. Knee extensors also 
compensated i.e. increased excitation of VAS 
and decreased excitation of RF, which led to 
increased knee extension acceleration and 
decreased extension acceleration contribution 
respectively. 

4. Discussion 

In this study, we created the first muscle-
actuated simulation to analyze muscles  
compensation strategies responding to increased 
co-contraction from two antagonistic pairs 
(GAS-TA and SOL-TA), which provides 
insights into how individual muscles can 
contribute to joint angular accelerations during 
the single-support and pre-swing phases of gait. 
Results of this simulation indicate that with a 
high level ( ) of 
dorsiflexors/plantarflexor co-contraction, one 
can still perform normal walking through other 
means; the dynamic equations of motions can be 
fully satisfied under relatively high levels of 
muscle co-contraction. It is worth noting that the 
dynamic simulations failed to track normal joint 
kinematics and GRF in most of the subjects 
when the co-contraction ratio  was higher than 
0.6, indicating that normal walking would no 
longer be possible. 

From a purely mechanical point of view, 
muscle co-contraction is an inefficient 
utilization of muscle forces, does not contribute 
to the useful work output of muscles, and 
requires higher metabolic costs. Nevertheless, it 
has been documented that antagonist muscle co-
contraction occurs in nominal physiological 
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Figure	
  4:	
  Contributions	
  from	
  primary	
  ankle	
  and	
  knee	
  muscle	
  groups	
  (grouped	
  by	
  anatomy	
  function)	
  to	
  knee	
  
flexion	
   accelerations	
   during	
   1st,	
   2nd	
   and	
   3rd	
   sub-­‐phases	
   in	
   the	
   gastrocnemius-­‐tibialis	
   anterior	
   pair.	
   Each	
   bar	
  
represented	
  the	
  mean	
  ±	
  1	
  S.D.	
  of	
  the	
  9	
  subjects	
  in	
  normal,	
  medium	
  and	
  high	
  co-­‐contraction	
  level.	
  The	
  net	
  effect	
  

tibialis	
  anterior;	
  SOL:	
  soleus;	
  TP:	
  tibialis	
  posterior;	
  PL:	
  peroneus	
  longus;	
  EDL:	
  extensor	
  digitorum	
  longus;	
  EHL:	
  
extensor	
   hallucis	
   longus;	
   HAMS:	
   semimembranosus,	
   semitendinosus	
   and	
   biceps	
   femoris	
   long	
   head;	
   BFSH:	
  
biceps	
  femoris	
  short	
  head;	
  GRC:	
  gracilis;	
  SART:	
  sartorius;	
  VAS:	
  vastus	
  medialis,	
  vastus	
  intermedius,	
  and	
  vastus	
  
lateralis;	
   RF:	
   rectus	
   femoris).	
   The	
   excitation	
   of	
   agonist	
   muscle	
   is	
   constrained	
   to	
   be	
   the	
   same	
   when	
   the	
  
excitation	
  of	
  the	
  antagonist	
  is	
  increased.	
  	
  



9  

conditions e.g. ankle plantarflexors/dorsiflexors 
in gait. Although we used a slightly different 
sub-phase definition, we found comparable CI 
as Falcon normal gait 
(Falconer and Winter, 1985). The highest CI 
was found during mid-stance, reflecting the 
large demands for ankle stability in body-weight 
support and control of shank advancement over 
the fixed foot. The relatively low CI in the pre-
swing phase was consistent with the role of the 
plantarflexors in propulsion along the path of 
the progression. Stability is no longer a prime 
pre-requisite as the weight shifts to the contra-
lateral limb. Significantly higher SOL-TA CI 
value has been observed in older adults than in 
young adults in gait, which indicates changes in 
the control of dynamic movement to cope with 
age-associated decline in stability (Nagai et al., 
2011).  

IAA has been used in previous 
investigations to compute joint angular 
accelerations and body center of mass 
accelerations induced by individual muscles. 
Our simulation showed that the GAS and SOL 
were primarily responsible for accelerating the 
ankle into plantarflexion during single-support, 
while TA was responsible for accelerating the 
ankle into dorsiflexion in pre-swing. At the knee 
joint, knee extensors (VAS and RF) contributed 
most to knee extension acceleration. Two major 
plantarflexors, SOL and GAS (also a knee 
flexor), had opposite effects on knee 
acceleration in both single-stance and pre-swing 
phases. While SOL contributed to knee 
extension, GAS generated flexion acceleration. 
These findings were consistence with previous 
simulation studies, which have indicated that 
synergistic actions of muscles can vary over the 
joint (Steele et al., 2010; Fox and Delp, 2010; 
Jonkers et al., 2002). Interestingly a counter-
intuitive knee extension function has been 
reported from the HAMS. Although the HAMs 
are usually considered as a hip extensor and 
knee flexor, knee extension function was found 
in the support phase in running, which was 
interpreted as a mechanism to synchronize hip 
and knee extension and as related to the knee 
angle (Wiemann and Tidow, 1995). 

Understanding how individual muscles 
contribute to joint accelerations can help to 
clarify the neurological control strategies by 
means of muscle excitation patterns to 
overcome excessive muscle co-contraction. The 
changes in individual 
also depend on changes in interaction between 

the neurological system and the mechanical 
demands of gait (Dierick et al., 2002). When 
increased co-contraction in the GAS-TA pair 
was simulated, the nearby synergistic muscles 
contributed most to compensation, wherein SOL 
was the dominant contributor to ankle 
plantarflexion acceleration, and VAS and RF to 
knee extension acceleration regardless whether 
GAS or TA was the antagonist muscle. 
Compensation could also be found in the 
antagonist muscle group, e.g. EDL in the 2nd 
subphase at ankle joint. Least alterations were 
noticed in remote joint muscles, with the only 
exception that considerable compensations can 
be found from SOL in the 2nd subphase at the 
knee joint. In the SOL-TA pair, at the ankle 
joint, GAS was the largest compensator. At the 
knee joint, larger knee extension deceleration 
from SART and acceleration from HAMS were 
noticed, which were different compared to 
GAS-TA pair.  

Hypothetically, the net joint accelerations 
provided by all the muscles should be 
approximately constant under different co-
contraction levels, since joint angles/moments 
remain the same in the simulations. In our study, 
the net acceleration of the ankle joint from ankle 
and knee muscles was generally unchanged 
when increased antagonistic muscle co-
contraction was simulated, but increased at the 
knee joint. This indicates that ankle and knee 
muscles alone are able to compensate for 
increased co-contraction at the ankle joint and 
generate sufficient ankle moment. However, at 
the knee joint, hip muscles must also be 
involved, which agrees with recent findings that 
hip flexors also have important contributions to 
knee angular acceleration (Fox and Delp, 2010).  
Previous simulation studies have performed 
analyses of compensatory mechanisms in 
response to some other pathological conditions. 
Jonkers et al. (Jonkers et al., 2003) used forward 
simulations and optimization to determine 
compensatory strategies during stance resulting 
from SOL and GAS exclusion. Similar to the 
present study, they found that SOL and GAS 
played an important role in compensating for 
one another. Goldberg and Neptune (Goldberg 
and Neptune, 2007) studied compensatory 
mechanisms necessary to overcome muscle 
weakness and regain normal walking by 
analyzing total work of individual muscles. 
They stated that the ankle plantarflexors SOL 
and GAS were able to compensate for most of 
the major muscle groups. 
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Figure	
  5:	
  Contributions	
  from	
  primary	
  ankle	
  and	
  knee	
  muscle	
  groups	
  (grouped	
  by	
  anatomy	
  function)	
  to	
  ankle	
  
dorsiflexion	
  accelerations	
  and	
  knee	
  flexion	
  acceleration	
  in	
  the	
  2nd	
  sub-­‐phase	
  in	
  the	
  soleus-­‐tibialis	
  anterior	
  pair.	
  
Each	
  bar	
  represented	
  the	
  mean	
  ±	
  1	
  S.D.	
  of	
  the	
  9	
  subjects	
  in	
  normal,	
  medium	
  and	
  high	
  co-­‐contraction	
  levels.	
  The	
  

TA:	
  tibialis	
  anterior;	
  SOL:	
  soleus;	
  TP:	
  tibialis	
  posterior;	
  PL:	
  peroneus	
  longus;	
  EDL:	
  extensor	
  digitorum	
  longus;	
  
EHL:	
  extensor	
  hallucis	
  longus;	
  HAMS:	
  semimembranosus,	
  semitendinosus	
  and	
  biceps	
  femoris	
  long	
  head;	
  BFSH:	
  
biceps	
  femoris	
  short	
  head;	
  GRC:	
  gracilis;	
  SART:	
  sartorius;	
  VAS:	
  vastus	
  medialis,	
  vastus	
  intermedius,	
  and	
  vastus	
  
lateralis;	
   RF:	
   rectus	
   femoris).	
   The	
   excitation	
   of	
   agonist	
   muscle	
   is	
   constrained	
   to	
   be	
   the	
   same	
   when	
   the	
  
excitation	
  of	
  the	
  antagonist	
  is	
  increased.	
  

In our study, comparable conclusions can be 
found at the ankle joint, but knee muscles were 
found to play important roles in compensating 
for increased ankle plantarflexor/dorsiflexor 
co-contraction.  

Our results should be interpreted in light 
of several limitations. First, the accuracy of 
muscle forces estimated from dynamic 
simulations is a challenge. Our simulation 
tracked the experimental kinematics and joint 
moments closely. However, due to lack of 
maximum voluntary contractions (MVC) data 
from all subjects, we could not directly 
compare the magnitude of the EMG with the 
estimated activation in nominal gait. We tested 

the impact of constraining activations to match 
the normalized EMG using available MVC 
and found that resulting alterations in muscle 
activations did not impact the conclusion of 
the study. Second, the co-contraction of 
antagonistic pairs was manipulated by a 
defined scheme, which probably does not 
always represent the excitation patterns in 
different co-contracted populations. The 
conclusions of the study can be extended to 
subjects with pathologies affecting motor 
control of gait by careful examination of 
muscle co-contraction patterns.  
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5. Conclusion 

This study identified how redundancy in 
muscle contributions to ankle and knee 
angular accelerations during walking allows 
the nervous system to compensate for specific 
antagonistic muscle co-contraction. Although 
plantarflexors play an important role in 
compensation at ankle joint, compensatory 
mechanisms at the knee joint can mostly be 
provided by knee muscles. The results of this 
study can help to clarify how muscles can 
provide compensation to co-contraction at the 
ankle joint in patient populations with motion 
disorders affecting motor control of walking. It 
can also be informative for clinical 
interpretation of motion analyses in persons 
with motion disorders, when secondary muscle 
co-contraction or deficits may occur 
simultaneously. 
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