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Introduction 
Musculoskeletal modeling of human locomotion, a branch of computational simulation of biological 
systems, has been growing rapidly in the past two decades, as demonstrated by the exponential increase in 
peer-reviewed publications. Musculoskeletal modeling shows great potential in orthopedic and biomedical 
engineering to improve diagnosis and treatment of patients with musculoskeletal disorders [1]. In this 
context, several software developed for Human movement and musculoskeletal modeling have facilitated the 
expansion of such applications. OpenSim, an open-source software platform, has been increasingly used as a 
reference tool for musculoskeletal modeling of locomotion. There has been an increase in subject-specific 
human musculoskeletal modeling with different levels of personalization for specific patient. Subject-
specific modeling applications provide more accurate results compare to the generic models based on 
cadaver data [2]. Most clinicians have examined the neuromuscular excitation patterns and kinematic of 
movements before and after treatment interventions in many patients having abnormal movements [3-5]. The 
important variables to determine patient improvement are not generally measurable and using empirical data 
to express cause-effect relationships in complex dynamic systems is very difficult. Therefore, a theoretical 
framework combined with empirical data for estimating internal loading of the musculoskeletal system is 
required to determine how neuromuscular system disorders appear in abnormal movements. Finally, a 
scientific basis for the treatment programs of abnormal movements and prediction of treatment outcomes 
needs to be created. This framework would be obtained using dynamic computer simulations which describe 

ABSTRACT 
Tibialis posterior muscle dysfunction leading to adult acquired flatfoot deformity. Tibialis posterior muscle 
dysfunction is commonly treated with a flexor digitorum longus tendon transfer to the tubercle of navicular 
bone. In recent years, the dynamic computer modeling has been used to predict the results of surgical and 
treatment. The aim of this study was to provide a dynamic computer model of flexor digitorum longus tendon 
transfer for predicting the outcome of flat foot treatment. In this study the 3D model of ankle joint, which 
consists of 29 bones and 12 muscles was developed in OpenSim. Using software, ankle plantar flexion moment, 
metatarsophalangeal joints moment and inversion moment of subtalar joint were drawn. After flexor digitorum 
longus tendon transfer, there were decreases ankle plantar flexion moment (6.7%), metatarsophalangeal joints 
moment (45%) and inversion moment of subtalar joint (34%). Plantar flexion moment reduction caused no 
significant changes in the ankle joint, but reduction in metatarsophalangeal joints could limit heel lift during 
propulsive phase in walking or running. A decreased inversion moment at the subtalar joint could alter the 
biomechanics of lower extremities.
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the anatomical structure, elements of the musculoskeletal system, and dynamic kinematics of the joints. The 
cause-effect relationships between muscle forces, joint moments, and body movement pattern can be 
determined by dynamic computer simulation [4-6]. The tibialis posterior tendon is an important dynamic 
stabilizer of the foot arch and the strong inverter of the foot [2]. Tibialis posterior (TP) tendon dysfunction is 
observed in some situations like muscle weakness, stretching and putting the muscle beyond its functional 
length, or during muscle tendon rupture. This problem is extremely common in adult patients with acquired 
flatfoot [7]. Its symptoms include the medial longitudinal arch drop, forefoot abduction, and rearfoot 
eversion. Although biomechanical effects of the TP muscle inefficiency have not completely been 
recognized, this problem creates painful flatfoot throughout the lifetime [8]. Johnson and Strom (1989) were 
categorized the TP tendon dysfunction into three different stages. Stage 1 includes the TP tendonitis without 
visible deformity in the rearfoot, stage 2 includes flexible flatfoot deformity due to the TP muscle elongation, 
and stage 3 includes fixed rearfoot valgus and subtalar joint arthritis. The first and second stages modify with 
conservative management, the FDL tendon transfer, or Achilles tendon lengthen. The third stage can be 
treated using a brace, orthosis, or calcaneal osteotomy to prevent progression of valgus deformity in the 
ankle joint [9]. 
Numerous studies have been completed to transfer muscle tendons to treat certain disorders or dysfunctions 
[7,10]. Recently, satisfying results of muscle tendon transfer have been obtained to improve the 
biomechanics of human movement. For example, it can be referred to rectus femoris tendon transfer in 
treatment of Stiff-knee gait, hamstring tendon transfer in treatment of crouched-gait, and extensor carpi 
ulnaris transfer in treatment of wrist disorders [11-14]. Using the FDL tendon transfer combined with 
calcaneal osteotomy has been used to treat acquired flatfoot disorder [7, 8]. Due to the importance of ankle 
joint biomechanics changes after tendon transfer surgery and also create a scientific basis to predict treatment 
effects, computer models application seems necessary to conduct therapeutic interventions. Unfortunately, 
we found no study which has examined the biomechanical effect of the FDL tendon transfer. Therefore, the 
aim of present study was to evaluate biomechanical effects of the FDL tendon transfer with dynamic 
computer simulations using computer software OpenSim to treat the acquired flatfoot disorder. 
 
Material and Methods 
The FDL tendon transfer  
To FDL tendon transfer, first a 5cm incision is made from the tip of the medial malleolus to just past 
insertion tendon of tibialis posterior (TP) muscle. Then, the FDL tendon which places below the TP tendon is 
identified. Finally, the FDL tendon is cut and transferred to the navicular tuberosity which is the attachment 
site of the TP muscle [7,8]. Using OpenSim software, the FDL tendon transfer from the metatarsal area to the 
third phalanx is deleted and remained tendon is attached to the navicular tuberosity. 
 
Ankle joint model 
It is important to create an ankle joint model before operating the FDL tendon transfer to determine a 
scientific basis for planning and anticipating treatment consequences. In this area, using dynamic computer 
simulation would be as a tool having great contribution potential. The dynamic computer simulations have to 
be implemented before the FDL tendon transfer to determine surgical plans and predict treatment effects. For 
this purpose, a modified right ankle joint model generated by lower extremity model 
(Gait2354_Simbodys.osim) of OpenSim software was used for the FDL tendon transfer. This software was 
developed with open access by Delp and his colleagues in the Biomedical Laboratory of Stanford University 
[3,6,7,15,16]. This model has a good validity and reliability because it made using experimental data with 
enough sample size. Also, this model has commonly accepted and widely used in some previous 
studies[4,17]. The detail information of the model (like effect of body weight, contact forces among 
neighboring bones and so on) is mentioned in the official website (www.simtk.org). However, we did not 
report this information because it may not be relevant to the aim of our study. 
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An OpenSim model represents the dynamics system of rigid bodies and joints acting upon forces to produce 
movements. An OpenSim model file is made up of components corresponding to parts of the physical 
system. These parts are bodies, joints, forces, markers, constraints, contact geometries, and controllers. In 
order to initiate the procedure of modeling, it is necessary to define the set of rigid bodies representing the 
system. The groups of bodies and the relationship between them have to be defined. To specify the model, 
the forces that apply to the model must also be defined. Forces can include muscles, optimized linear or 
moment actuators, and springs. Muscle properties (e.g., maximum isometric force, optimal fiber length, 
tendon slack length, pennation angle, activation time constant, and deactivation time constant) are considered 
at force definition step. To characterize muscle properties, muscle geometry paths must also be defined for 
each muscle in the model by using a set of path points. Prepared ankle joint model consists of 29 bones 
(made up six bone groups as the femur, patella, tibia and fibula, talus, calcaneus and metatarsal group, and 
phalanges) and 11 muscles (made up four muscle groups as plantarflexor, dorsiflexor, inverter, and evertor 
muscles).  
The lateral, anterior, medial, posterior and superior views of the ankle joint model are shown in Figure 1, 
respectively (left to the right). In this figure, lines show 11 muscle pathways and dots show locations of 52 
muscle attachment points defined in the model. Names, functions, and locations of attachment points for any 
muscle defined in the model are listed in Table 1. The FDL tendon has eight attachment points defined in the 
model. The first and second points are on the tibia, the third is on the calcaneus, the fourth is on the navicular 
bone, the fifth is on the third metatarsal, the sixth is on the second tarsal of toe, and the seventh and eighth 
are on the third tarsal of toe (see the Table 1 and Figure 1). The model has three degrees of freedom which 
the first is dorsal/plantar flexion of the ankle joint, the second is inversion/eversion of the ankle joint, and the 
third is flexion/extension of the foot phalanges. The three moments including of net isometric moment of the 
ankle plantarflexors, net isometric inverter moment of the subtalar joint, and net isometric plantarflexion 
moment of metatarsophalangeal joints were chosen to be discussed. These three moments are the most 
important variables in the ankle joint and the effect of other moments and variables is rare and negligible. 
Furthermore, these three moments are related to the FDL muscle moment which is the most important 
muscle of our study. 

 

 
Figure 1. Lateral, anterior, medial, posterior and superior views of the ankle joint model, respectively (left to 
the right). 
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Figure 2. The FDL tendon transfer: (a) the medial and inferior views of the FDL muscle before transfer; (b) 
the medial and inferior views of the FDL muscle after tendon transfer. 
 
 
Table 1. Name, actions, and muscle attachment points defined in the model. 

Muscle attachment points Muscle functions Muscle name 
A. Plantarflexor group 

Ti, Ti, Ca, Na, Me3, Ph2, Ph3, Ph3 Plantarflexion and inversion 1. Flexor digitorum longus 
Fi, Ti, Ca, Cu1, Me1, Ph1, Ph1 Plantarflexion and inversion 2. Flexor hallucis longus 
Fe, Fe, Ti, Ca Plantarflexion 3. Gastrocnemius medial 
Fi, Fi, Fi, Ca, Me5 Plantarflexion and eversion 4. Peroneus brevis 
Fi, Fi, Fi, Ca, Me5, Me3, Me1 Plantarflexion and eversion 5. Peroneus longus 
Ti, Ca Plantarflexion 6. Soleus 
Ti, Ti, Ca, Na Plantarflexion and inversion 7. Tibialis posterior 

B. Dorsiflexor group 
Fi, Ti, Cu3, Me3, Ph3, Ph3 Dorsiflexion and eversion 1. Extensor digitorum longus 
Fi, Ti, Na, Me1, Me1, Ph1, Ph1 Dorsiflexion and inversion 2. Extensor hallucis longus 
Fi, Ti, Me5 Dorsiflexion and eversion 3. Peroneus 
Ti, Ti, Cu1 Dorsiflexion and inversion 4. Tibialis anterior 

Fe: femur,Ti: tibia, Fi: fibula, Ta: talus, Ca: calcaneus, Na: naviculare, Cu: cuneiforme, Me: metatarsal, 
Ph:phalanges 
 
Results 
The net isometric plantarflexion moment of the ankle joint 
Figure 1 shows the net isometric moment of the ankle plantarflexors before and after the FDL tendon 
transfer. In the Figure, positive and negative values represent the ankle dorsiflexion and plantarflexion joint 
angles, respectively. The negative moment value indicates that moment is the ankle joint plantarflexion. The 
peak value of the ankle dorsiflexion occurs at 12° and 50% of gait cycle before the propulsion time [18,19]. 
Peak moment of plantarflexion before and after the FDL tendon transfer was respectively -224 Nm and -209 
Nm (6.7% decreased). At the end of stance phase followed by the push-off time, a rapid contraction of 
plantarflexor muscles begins. Peak plantarflexion occurs at -14° and at the early of swing phase. In this angle 
(4.5°), produced peak plantarflexion moment is -260 Nm which decreased to -244 Nm after the FDL tendon 
transfer at the same angle (6.15% decreased). 
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Figure 1.  The net isometric moment of ankle joint plantarflexor muscles before and after the FDL tendon 

transfer 

 
The net isometric invertersion moment of the subtalar joint 
Figure 2 shows the net isometric inverter moment of the subtalar joint before and after the FDL tendon 
transfer. Positive and negative values represent eversion and inversion angles in the ankle joint, respectively. 
The positive moment value indicates to the ankle joint inversion. During the stance phase of walking, this 
joint has 1° to 3° eversion which the peak occurs in 30% to 40% of the gait cycle. It has also 5° to 7° joint 
inversion which the peak is in 50% to 60% of the gait cycle [19,20]. In 2° eversion position, the moment 
value would be about 48 Nm and 34 Nm respectively before and after the FDL tendon transfer (28.23% 
decreased). In -6° inversion position, the moment value would be about 12 and 90 respectively before and 
after the FDL tendon transfer (35.34% decreased). 

 

Figure 2. The net isometric inverter moment of subtalar joint muscles before and after the FDL tendon 
transfer 
 
The net isometric plantarflexion moment of the metatarsophalangeal joint 
The FDL muscle actions include of ankle joint plantarflexion, foot inversion, and digitorum flexion from the 
metatarsophalangeal and interphalangeal joints. Figure 3 shows the net isometric plantarflexion moment of 
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metatarsophalangeal joints before and after the FDL tendon transfer. The positive degree of 
metatarsophalangeal joints indicates to joint dorsiflexion and the negative moment value indicates to the 
joint plantarflexion moment. In the stance phase of gait, the flexor muscles of metatarsophalangeal joints are 
responsible to control dorsiflexion action of this joint. Under the Heel-contact time and just before the early 
swing phase, metatarsophalangeal joints have 45° dorsiflexion passively [21-23]. In this angle, the peak 
moment value would be about -27 Nm and -15 Nm respectively before and after the FDL tendon transfer 
(42.54% decreased). In the Push-off time, the metatarsophalangeal joints have 25° dorsiflexion passively 
[13,14,24]. In this angle, the peak plantarflexor moment value would be about -30 Nm to -16 Nm 
respectively before and after the FDL tendon transfer (45.24% decreased). 

 
Figure 3. The net isometric plantarflexion moment of metatarsophalangeal joints before and after the FDL 

tendon transfer. 
 
Discussion 
The aim of present study was to evaluate biomechanical effects of the FDL tendon transfer with dynamic 
computer simulations using computer software OpenSim to treat the acquired flatfoot disorder. The FDL 
tendon transfer is a general approach for the treatment of painful flatfeet in adults [8,25,26]. Any change in 
the FDL tendon junction can affect the function of the foot joints. The aim of present study was to model the 
effect of the FDL tendon transfer on the foot joints moment. Ankle dorsiflexion occurs in the stance phase in 
which plantarflexor muscles control leg forward motion passively as a result of tibia motion on the foot [15]. 
As seen in the Figure 1, the FDL tendon transfer did not significantly change ankle plantarflexion function 
because there are powerful gastrocnemius and soleus muscles in the posterior of the leg [14]. In a normal 
situation following the FDL tendon transfer and assuming 7% decrease in the plantarflexor moment, other 
plantarflexor muscles can compensate this decreased moment with a slight increase in their activity.  
During walking, the inverter moment helps foot supination to lock mid-tarsal joints and provides a strong 
lever for preparing the foot to force effectively in the later stance phase. The subtalar joint inversion is also 
critical to rotate the tibia on the foot [12,19,27]. Regarding the importance of inverter moment for body 
propulsion, decrease in this moment by 28% to 34% would change most lower extremity biomechanics. 
However, it may not be seen a significant change occurs during gait of the patient when a relative increase in 
other muscles activation and compensation the resulting moment and education of patient to prevent muscle 
fatigue. 
According to the Figure 3, with cutting the FDL muscle and attaching it to the navicular tuberosity and 
reduction about 42% to 45% in the plantarflexor moment, the biomechanical function of the 
metatarsophalangeal and phalangeal joints would be faced with a problem. Although the FDL muscle action 
in open kinetic chain (OKC) movements is flexion of the foot phalanges, the action in closed kinetic chain 
(CKC) movements is stability and resistance of foot phalanges against ground reaction forces, which cause 
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extension or dorsiflexion of phalanges and mid-foot during movement [18]. After the FDL tendon transfer, 
dorsiflexion in the phalangeal joints takes place in higher value and it may limit heel rising with disruption of 
foot mechanisms during walking [18,28]. In this situation, dorsiflexion in the metatarsophalangeal joints is 
increased and consequently, plantar fascia, connected from one side to this joint and the other side to the 
calcaneus, is strained. This mechanism would restrict heel rising during movement and gait pattern 
[18,27,28].  
During walking and running, high reaction forces (30% to 100% of body weight) is imposed to the 
metatarsophalangeal joints [20]. These forces produce bending moment on these joints. In absence of the 
FDL muscle, support and continuity of imposed forces will predispose the bones of these joints to stress 
fracture more likely [29,30]. However, whether which one of the limitations (heel rising and flatfoot 
condition) has more effect on patient poor performance is unclear and needs to further studies. 
 
Limitation  
One of the most limitations in our work was that we used a general musculoskeletal system. Although this 
limitation is important for interpreting our results, we had to use a general musculoskeletal model in the 
absence of other specific models which have enough validity, reliability, and acceptability for flatfoot 
patients. Also, some previous studies in this area investigated some tendon transfer of lower extremity 
muscles using a general musculoskeletal system in flatfoot patients [4, 17]. So, this limitation may not avoid 
from completing of our study with such models. 
 
Conclusion 
Assessments using a dynamic computer simulation can be used prior to surgery as the clinical tools to 
answer common questions. This study created a higher insight on how the FDL tendon transfer affects on 
foot performance and established a scientific basis to diagnose foot surgery side-effects. The dynamic 
computer simulation should be used as a clinical tool for consideration of pathological movements, 
foundation a scientific basis for treatment interventions, special treatment for certain patients, therapeutic 
expectations and predictions, and necessary treatment measures before surgery. 
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