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Figure 5.5: Creation of the MCO.   The MCO was created in SolidWorks using a variety of 

cut, move, and combine features along with some reference geometry.  The intact geometry with 

window from a medial view (upper left), separated tuberosity fragment (upper right), MCO slide 

performed with the “move/copy” feature window shown in an oblique view (lower left), and 

final medialized osteotomy with highlighted (black) cut face (lower right). 

 

Modeling the Evans Procedure:  In a manner similar to the MCO, a line was used to 

isolate the anterior facet of the calcaneus approximately 10mm behind the anterior articular 

surface (calcaneocuboid articulation).  From this line a reference plane was created to be parallel 

to the articular surface and existing at the osteotomy depth.  The isolated portion was detached 

with the “split” feature, and the fragment became a second body.  This fragment was rotated 
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internally about its medial most edge.  Through measurement, a rotation of 21.5° was found to be 

necessary to open the lateral cut surface of the calcaneus by 10mm.  The wedge was extruded as 

a solid feature with a rectangular cross section, inside the osteotomy space.  On attempting to use 

the “combine” feature to resolve the wedge, fragment, and body of the calcaneus into one solid 

body a “zero thickness geometry” error was tripped.  This error was due to the body to body 

point contact at the medial border of the osteotomy, SolidWorks does not allow bodies to be in 

point contact and still joined.  To account for this the small flaring section of the medial fragment 

border was removed with a cut to separate that contact between fragment and body, and the 

“combine” proceeded without further error as the solid bodies were fused to form the Evans 

osteotomy (Figure 5.6). 
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Figure 5.6: Evans Opening Wedge Osteotomy, Calcaneus.   All images are superior views.  

The opening wedge osteotomy was performed with a similar line to plane formation for 

osteotomy reference as the the MCO.  The cut plane for this osteotomy was placed 1cm posterior 

to the anterior articular facet, A and B.  The fragment was rotated about the medial edge of the 

cut, C - bullet.  Body-body point contact causing “zero thickness geometry” error shown within 

red dashed box, D.  Final wedge fragment trimmed to be within the bony borders of the 

calcaneus, E.  Rotation to fit the 1cm osteotomy was found to be 21.5° (lower right).   
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Modeling the CCDA:  In a similar manner as previous, approximately 3mm of the most 

superficial shared articular joint surfaces of the cuboid and calcaneus were removed to leave flat 

geometry.  The cuboid was then rotated internally about its medial border with the calcaneus 

such that a 10mm wide, full depth wedge could be placed between the two bones.  Wedge, 

cuboid, and calcaneus were then fused to form the CCDA (Figure 5.7). 

     

           

Figure 5.7: Modeling the CCDA.   All views superior except D which is anterior.  The 

calcaneocuboid distraction arthrodesis was performed by first simulating the shaving of articular 

surfaces calcaneus and cuboid.  Points on the calcaneal anterior articular surface were chosen 
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which represented the plane of that surface.  These points were used to create a reference plane 

which was used in an “extrude cut” feature to remove the anterior 0.5mm of surface, A and B.  

This was done to the cuboid as well to yield flat articular geometries.  These flat geometries were 

mated to a 1cm wide wedge in a similar manner to the Evans osteotomy to cover the articular 

surface, C through E.  To prevent excessive initial 3D body interference from failing simulation, 

the mid and forefoot were manually translated ~1cm to remove this time zero interference, F.  

Bony articulations were reestablished in the first frame of simulation, G. 

 

Simulations and Measurements:  Seven configurations were simulated in total: normal 

intact, flatfoot, and flatfoot at various osteotomy states (MCO, Evans, CCDA, Evans & MCO, 

CCDA & MCO).  Radiographic views of flatfoot were created and measurements were 

standardized by adding referencing markers to anatomic landmarks used for flatfoot diagnosis.  

Such markers described the following measures: in the Lateral view; Talo-1st MetaTarsal (L-

T1MT), Calcaneal Pitch (L-CP), and TaloCalcaneal (L-TC) joint angles; in the AnteroPosterior 

(AP) view: Talo-1st MetaTarsal (AP-T1MT) and TaloNavicular coverage (AP-TN) angles); refer 

back to Figure 5.3 and Figure 5.4.  Soft tissue strain was measured directly from the elongation 

of soft tissue ligament arrays across both the long plantar ligament and plantar fascia.  Total 

contact force between the calcaneus and cuboid were measured in all simulations except those 

containing the CCDA where the joint was fused.  Plantar load magnitudes were measured 

through bony ground contact at the distal rays and at the calcaneus.  Calcaneal varus / valgus: is 

often mentioned as a clinically observable marker but radiographs are typically not used to 

measure this.  A method was devised computationally by using the posterior ground surface and 

an axis from a manually positioned mid-sagittal plane in the calcaneal body (Figure 5.8). 
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Figure 5.8: Hindfoot Valgus Measurement Technique.   Hindfoot valgus measure as seen in 

the posterior view.  Angle is measured in this method from the lateral side.  Horizontal axis 

represents the level of the ground, vertical axis is created in the calcaneal part file from a sagittal 

plane located at the center of the geometry, from these axes the hindfoot valgus angle is 

determined θ6 

5.4 Results 

Radiographic Joint Angles:  The joint angle data showed the changes the flatfoot model 

imparted in comparison to intact and the subsequent changes imposed by the simulated surgical 

corrections (Table 5.4).  The flatfoot model resulted in a 9.1° drop in the arch when considering 

the L-T1MT angle. This change was accompanied by a 1.6° plantarflexion of the talus seen in 

the L-TC and a 2.6° reduction in L-CP.  In the AP view, both the AP-T1MT and the AP-TN 

angles abducted by 8.9° and 1.9°, respectively. 
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Joint Angle ( ° ) † Normal
Intact Intact MCO Evans CCDA Evans & MCO CCDA & MCO

L-T1MT (θ1) 0.5 -8.6 -3.7 2.9 6.8 1.2 0.8
L-TC (θ2) 

†† 39.4 41.0 37.9 43.2 37.5 41.3 35.8
L-CP (θ3) 16.6 14.0 13.1 19.5 15.7 17.0 13.7

AP-T1MT (θ4) 7.2 -1.7 7.2 11.9 16.8 13.5 20.5
AP-TN (θ5) -7.0 -8.9 -6.5 2.4 -2.4 3.5 -0.4

Hindfoot (θ6) 
†† 93.4 96.4 87.7 94.7 93.1 90.9 86.9

Flatfoot

 

Table 5.4: Joint Angles For Simulation States.  Joint angles measured for normal and flatfoot 

surgical stages, in degrees, as depicted in Figure 2.  Angles are: Lateral Talo-1st MetaTarsal (L-

T1MT), θ1; Lateral TaloCalcaneal (L-TC), θ2; Lateral Calcaneal Pitch (L-CP), θ3; 

AnteroPosterior Talo-1st MetaTarsal (AP-T1MT), θ4; AnteroPosterior TaloNavicular angle (AP-

TN), θ5, Hindfoot varus / valgus (Hindfoot), θ6.  † Negative values denote crossing a neutral 

axis: for L-T1MT, this signifies a drooping medial arch; for AP-T1MT and AP-TN, this signifies 

abduction.  †† neither the L-TC nor hindfoot angles have an associated neutral axis.  L-TC 

values greater than intact normal indicate talar plantarflexion. Hindfoot less or greater than intact 

indicate more varus and valgus, respectively. 

 

With the MCO: L-T1MT angle improved by 4.9° not reaching the normal intact level; the 

talus dorsiflexed by 3.1° at the L-TC angle passing the normal intact; L-CP worsened 0.9°; AP-

T1MT angle improves by 8.9° in a return to normal intact; AP-TN improves by 2.4 to near 

normal.  The Evans and CCDA: both improve L-T1MT angle by 11.5° and 15.4° from flatfoot, 

surpassing intact; L-TC angle worsened 2.2° with the Evans while improving by 3.6° with 

CCDA to pass normal intact; L-CP improved in both cases, 5.5° with Evans and 1.7° with 

CCDA to beyond intact normal; both procedures also improved AP-T1MT and AP-TN by 

adducting these joints, 13.6° and 18.5° at the AP-T1MT for Evans and CCDA respectively; 11.3° 
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and 6.5° at the AP-TN for Evans and CCDA respectively –  AP angles all surpassing intact 

levels.   

For Evans & MCO and CCDA & MCO: trends were similar, L-T1MT angles were 

improved by 9.8° and 9.4° for Evans & MCO and CCDA & MCO respectively to near intact 

normal; at the L-TC angle, Evans & MCO worsened by 0.3° while CCDA & MCO improved by 

5.2° surpassing intact normal; a reverse was seen at L-CP with Evans & MCO improving 3.0° to 

near normal intact while CCDA & MCO worsened by 0.3°; Evans & MCO improved AP-T1MT 

by 15.2° and CCDA & MCO by 22.2° both surpassing intact normal; Evans & MCO improved 

AP-TN by 12.4° and CCDA & MCO by 8.5° both surpassing intact normal.    

Calcaneal varus/valgus was also influenced by these procedures.  In the intact normal 

foot, the calcaneal angle was 93.4°.  The flatfoot model brought the calcaneus 3° further into 

valgus.  The MCO alone corrected this angle with 8.7° of varus rotation from flatfoot, surpassing 

intact normal.  Evans and CCDA both also corrected this angle by 1.7° and 3.2° respectively.  

Evans & MCO affected this angle less than MCO alone but greater than Evans, with a 5.5° varus 

rotation.  CCDA & MCO affected this angle greater than either procedure alone, with a 9.5° 

varus rotation from flatfoot. 

Ligament Strain:   Soft tissue strains in the long plantar ligament and plantar fascia were 

calculated from resting and loaded stance lengths (Table 5.5).  Medial / lateral tissue strain 

distribution was relatively equal in the intact normal simulation.  With flatfoot, an overall 

increase in tissue strain was seen with medial ligament portions being affected more than lateral 

portions.  The MCO countered this somewhat, shifting the greater strains to the lateral portions 

and slightly easing medial portions.  Both Evans and CCDA followed this trend but with slightly 

less lateral strain in the long plantar ligament and slightly more in the plantar fascia.  Evans or 
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CCDA with MCO procedures affected a lessening of medial strains in the long plantar ligament 

close to intact normal levels whereas medial strain in the plantar fascia lessened past intact 

normal levels.  Lateral strain for the combination procedures was highest in the long plantar 

ligament and relatively unchanging in the plantar fascia compared to either procedure without 

MCO. 

% Strain in Ligament 
Structures Normal

Long Plantar Array Intact Intact MCO Evans CCDA Evans & MCO CCDA & MCO
Long Plantar 1 (med) 1.0 2.8 2.1 2.4 2.1 1.9 1.4

Long Plantar 2 1.0 2.8 2.5 2.7 2.3 2.2 2.2
Long Plantar 3 1.5 2.8 2.5 3.0 2.5 2.7 2.0
Long Plantar 4 1.8 2.3 3.1 3.4 2.9 3.3 2.2
Long Plantar 5 1.7 2.9 2.7 3.5 2.9 3.5 2.6
Long Plantar 6 1.8 2.7 3.0 3.9 3.2 4.0 3.2
Long Plantar 7 0.6 1.2 2.1 2.7 2.0 3.5 3.1

Long Plantar 8 (lat) 1.7 1.7 5.3 4.1 4.0 5.6 6.0

Plantar Fascia Array Intact Intact MCO Evans CCDA Evans & MCO CCDA & MCO
Plantar Fascia 1 (med) 3.9 7.2 3.4 2.5 2.0 1.6 0.4

Plantar Fascia 2 2.1 4.3 2.1 2.2 1.8 1.2 0.5
Plantar Fascia 3 2.7 4.5 3.5 3.5 3.3 2.5 1.5
Plantar Fascia 4 2.7 4.0 3.6 4.7 4.1 5.1 3.8

Plantar Fascia 5 (lat) 3.2 3.7 4.2 4.7 4.7 4.7 4.8

Flatfoot

 

Table 5.5: Ligament Strain.   Soft tissue strains calculated from resting to loaded, in percent 

strain, for the long plantar ligament and plantar fascia for all computational simulations.  

Elements of these ligaments are listed medial (med) to lateral (lat). 

 

Calcaneocuboid Contact Load:  The calcanealcuboid joint load in the intact normal 

loaded foot was 763N.  This load rose 16% to 888N in flatfoot and dropped to near intact normal 

levels (772N) with an MCO.  Calcanealcuboid joint load increased 111% to 1608N, more than 

doubling, with the Evans procedure.  The addition of the Evans procedure to an MCO only 

slightly reduced this increase, to 93% above intact normal or 1471N. 

Plantar Ground Loads:  In the intact normal foot, forefoot load was well balanced with 

116N in the first ray and 125N in combined rays 4 & 5 (Table 5.6).  Flatfoot raised the 1st ray 

ground contact by 7.8%, to 125N and also doubled 2nd ray ground contact.  With respect to intact 
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normal, the MCO halved the 1st ray load while increasing 4th & 5th ray combined loads by 131%.  

Also with respect to intact normal, both Evans and CCDA reduced flatfoot forefoot loading by 

greater than 67% and 84% respectively, while increasing 4th & 5th ray loading by 105% and 

114% respectively.  The combinations of Evans or CCDA with MCO exhibited the greatest 

redistribution with respect to normal intact –  93% and 100% reduction of 1st ray loading and 

154% and 171% increase in 4th & 5th ray combined loading, respectively.  In the lateral 4th and 

5th rays, the 5th ray always exhibited the greater ground contact load. 

Load in Plantar 
Region Normal

Intact Intact MCO Evans CCDA Evans & MCO CCDA & MCO
Ray 1 116 125 58 38 18 8 0
Ray 2 8 16 2 6 9 4 0
Ray 3 40 36 23 38 47 25 26
Ray 4 24 30 79 52 49 56 53
Ray 5 61 60 117 122 133 160 177

Calcaneus 428 422 410 431 448 443 441

Flatfoot

 

Table 5.6: Plantar Ground Contact Loads.  Plantar ground contact loads, in Newtons.  Listed 

are loads under rays 1-5 as well as the heel. 

5.5 Discussion 

In this validation study, model predicted several biomechanical functions of the foot and 

ankle in these simulated states – intact, flatfoot, and four different surgical corrective procedures 

for Stage II AAFD. 

Radiographic Joint Angles:  The joint angles found in the intact simulation were 

compared to available definitions of the clinically “normal” foot.  The L-T1MT angle is 

considered normal at close to 0 degrees70 and has been reported at 3.3° ± 4.9° in a study of 56 

normal feet76, and 0.0° ± 0.5° in a study of 1174 normal feet85.  The intact L-T1MT angle in the 

simulation was 0.5°.  L-TC angles are found from 50.3° ± 5.6° to 45.8° ± 0.4° in literature76,85; 

this angle in simulation was 39.4°.  L-CP is reported to be 22.8° ± 4.7° for intact76; in simulation, 
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this angle was 16.6°.  AP-T1MT angle is not as widely reported for intact feet for which the 

simulation angle was 7.2° into adduction from neutral.  AP-TN coverage angles have been 

reported at 10.4° ± 4.2° for intact feet85 and was 7.0° in simulation.  Hindfoot valgus angle was 

reported at 5° (range 3° to 7°) for an intact population of 56 feet and 9° (range 4° to 15°) for a 

clinical flatfoot population of 39 feet.  That angle was measured with goniometer aligned to the 

Achilles tendon and the axis of the calcaneus with center placement over the talus76.  The tibia in 

the computational simulation was aligned vertical (normal to the ground plate), thus the apparent 

hindfoot angle with respect to the long axis of the tibia was 3.4° for the intact, and 6.4° for the 

flatfoot simulations. 

The following morphological changes from the intact normal limb were observed in the 

simulated flatfoot: drop in the L-T1MT angle, diminishing L-CP, plantarflexion of the talus seen 

with L-TC angle, uncovering of the talonavicular joint surface with AP-TN abduction, abduction 

of the forefoot from the AP-T1MT angle, and hindfoot valgus.  These changes all correlate to 

clinical signs of Stage II AAFD67,70,72,73,76,85.  A study of 25 clinically presenting flatfoot subjects 

(39 feet) yielded a L-T1MT angle of 17.5° ± 6.4° of downward collapse (indicated as a negative 

value in our simulation); L-TC angle of 36.2° ± 30.5°; L-CP angle of 16.3° ± 6.3°; and a AP-TN 

angle of 22.3° ± 6.7° of abduction (indicated as a negative value in our simulation) with no 

reported AP-T1MT angle.  The direction these measurements were seen to change from the 

normal foot to the diseased state was predicted in the flatfoot simulations, with the exception of 

L-TC which was seen to increase in simulation but decrease in clinical findings, although 

standard deviations were extremely large.  The increasing L-TC angle seen in our simulation is 

an indicator of talar plantarflexion, which other investigators67,69,70 corroborate as a key feature 

of adult acquired flatfoot deformity.    



Chapter 5 – Simulation of Flatfoot 

 136 

The MCO improved all joint angles with the exception of L-CP, which was likely 

influenced by the observed calcaneal varus rotation.  Clinically, the MCO is used to stabilize the 

line of action of the Achilles tendon to eliminate the positive feedback mechanism for hindfoot 

valgus74,98,99,94.  In this foot, simulation of the MCO reduced hindfoot valgus and brought the 

calcaneus into several degrees of varus (i.e. angle measure less than flatfoot), providing the same 

benefit as is sought clinically.   

The LCL procedures also provided correction to these joint angles.  Both surgical 

methods adjusted the L-T1MT angle to beyond intact levels creating a higher arch.  The Evans 

procedure failed to prevent talar plantarflexion and contributed to the deformity slightly when 

considering L-TC angle, while the CCDA showed correction by imparting talar dorsiflexion.  

Clinically and experimentally, both the Evans and CCDA have been seen to improve L-T1MT 

angle64,66,68,69,84,92 Talar plantarflexion also experiences a small correction for both procedures, 

but with a large standard deviation in the literature68,92 which may explain the models’ 

discrepancy for the Evans procedure.  L-CP was restored to a higher than intact level with LCL 

procedures.  Clinically and experimentally, L-CP has been seen to increase with either lateral 

column procedure68,92.   

The AP-T1MT and AP-TN forefoot abduction angles as well as L-T1MT angle were 

impacted the most by Evans and CCDA in the simulations.  Clinically, these AP angles have 

received the most correction for AAFD by targeting the lateral column64,66,68,69,84,92.  Calcaneal 

varus / valgus rotations for the Evans and CCDA were slightly improved over flatfoot to near 

normal intact levels.  Measurements for hindfoot valgus changes for these bony procedures are 

not commonly reported although it is widely accepted that the MCO improves hindfoot valgus70.  

This was seen in the model as the only changes in this angle more than ~1.5° were when an 
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MCO was performed alone or in combination with a lateral column procedure – all of these 

angle changes were in a varus direction.   

Evans & MCO and CCDA & MCO exhibited a blend of each procedures’ separate effects 

in influencing joint angle change.  Both methods demonstrated a middle ground effect on the L-

T1MT angle, more improvement than MCO alone, but less than the LCL procedure alone.  The 

L-TC measure of talar plantarflexion was unchanged with the opposing effects of Evans & 

MCO, while CCDA & MCO combined to dorsiflex the talus further than either had separately – 

again these effects were small in the model and clinically68,92.  L-CP saw a similar interplay 

where the falling MCO and raising Evans resulted in a near intact normal angle.  The CCDA & 

MCO however resulted in a pitch angle close to that of the original flatfoot.  Both AP angles 

exhibited constructive interference with the combination procedures, again with the CCDA & 

MCO bringing greater adduction to the forefoot as measured by the AP-T1MT angle.  The Evans 

& MCO exhibited greater adduction of the AP-TN angle.  The forefoot corrections for these 

combination procedures were the greatest among all simulations.  Finally, the addition of the 

MCO to either LCL procedure yielded more calcaneal varus rotation than either lateral column 

procedure alone, with the CCDA & MCO having the greatest varus rotation of all simulations.  

Currently, combination procedures such as these are somewhat common, with the MCO treating 

hindfoot valgus and LCL correcting forefoot abduction66,67,70,74 but reports of angular corrections 

are not readily available.   

Ligament Strain:  The model simulations suggest that the lateral column lengthening 

procedures also lengthen the lateral portions of the long plantar ligament and plantar fascia, 

which cross both the Evans and CCDA sites, as does the MCO.  The simulations showed more 

than doubling of strain values in the lateral portions of the long plantar ligament, and a 
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slackening of the medial portions compared to flatfoot.  This agrees with DiNucci et al.91 where 

tightening was found in the lateral bands of the long plantar ligament while the medial portions 

were visibly slack.  The model showed a decrease of more than 52% of the strain in the medial 

portions of the plantar fascia with the MCO and a drop of 66-73% with Evans and CCDA 

respectively.  These findings agree with Horten et al.58 who found that MCO and CCDA 

slackened the medial band of the plantar fascia, with a greater drop in strain attributed to the 

CCDA; no values were reported for lateral portions of the fascia in that study.   

Calcaneocuboid Contact Load:  LCL procedures are considered to be a likely cause of 

accelerated arthritic development in the mid and hindfoot, of particular note is the Evans 

osteotomy.  The joint contact force in both model of Evans and Evans & MCO more than 

doubled as compared to levels at intact normal, intact flatfoot, or MCO alone.  Cooper et al.93 

experimentally found a quadrupling of contact load at the calcanealcuboid joint, and clinical 

follow-up has discovered arthritic development in this joint after at follow-up with patients who 

received the Evans procedure64,65,68.   

Plantar Ground Loads: The flatfoot model showed a shifting of loading towards the 1st 

ray. This was overcorrected by the subsequent MCO, Evans, CCDA, and combination 

procedures to shift the load laterally, in most cases at least doubling 4th and 5th ray ground 

contact.  Tien et al.95 found an increase in cadaveric 5th metatarsal average pressure by 46% ± 

42% (range -4% to 141%) for the Evans procedure, and 104% ± 58% (range 9% to 216%) for the 

CCDA.  In the model, the contact loads increased by 100% at the 5th metatarsal for Evans and 

122% for CCDA.  Arangio et al.89 experimentally found a drop in % bodyweight carried by the 

1st metatarsal and an increase to the 4th and 5th metatarsals with the application of an MCO; this 

too agrees with the simulations’ prediction of shift in body weight distribution.  Hadfield et al.94 
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found a significant offloading of average pressure to the 1st and 2nd metatarsal heads with an 

MCO and a significant increase in lateral hindfoot pressure but no change to medial hindfoot 

pressure and a trend for an increased lateral forefoot forefoot pressure.  In the absence of soft 

tissue, directly comparing pressure to simulated plantar loading can be problematic.  The heel in 

the model made ground contact in one area of the calcaneus which area did shift slightly lateral 

as the calcaneus rolled in the varus direction and θ6 changed from 96.4° to 87.7° from flatfoot to 

MCO states.  This roll would likely result in similar pressure changes as seen experimentally94 as 

more lateral regions of the heel pad are loaded.  Scott et al.96 found an increase in lateral forefoot 

pressures after both Evans and CCDA, with no significant difference between the procedures; in 

the model, 5th metatarsal contact loads were similar between the two procedures, 122N for Evans 

and 133N for CCDA. 
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Chapter 6 ‐ Overall Discussion 

The areas of research that could benefit from computational modeling are as diverse as 

the fields themselves.  In the field of orthopaedics, these models continue to demonstrate their 

utility.  Describing an accurately modeled anatomical system by digital means is a tremendous 

accomplishment alone in terms of storage, handling, and re-use of anatomy.  The digital models 

take up very little space (a current solved simulation is approximately 20-30 megabytes of disk 

space, ready-to-run setups are ~7 megabytes) the storage of hundreds of reassembled anatomies 

would fit on a handful of digital discs – which do not require 24 hours to thaw.  Related is the 

notion that the anatomy can be reused.  Hundreds of surgical configurations can be performed on 

the exact same “specimen” or vastly different surgical studies can be performed across the same 

database of specimens over years.  With improvements in software and our knowledge of the 

behavior of tissues, the resultant predictions from these models will continue to converge with 

live tissue behavior. 

Of the computational methods, rigid body modeling suffers the same weaknesses of all 

computational models, a reliance on measured physical characteristics for input to modeling 

parameters such as stiffness values, in situ strains, fiber direction, and three-dimensional 

architecture.  There are several similarities and differences between this method and the FEA 

model presented by Cheung et al.3-8.  Both methods used high resolution medical scans to isolate 

bony geometry (here with CT, there with MR).  Both methods add soft tissue behavior (here with 

elements arrays to simulate ligament and capsule, there with some ligaments individually 

addressed and others’ behavior approximate through a soft tissue volume).  Specific differences 
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occur in two areas; the material differences between FEA and rigid body simulation, and the 

target behavior of interest.  The first is defined by the challenges associate with using the chosen 

simulation method.  FEA has tremendous strength in calculating internal stress and strain, but 

suffers from prolonged computation time especially when computing large motions in a more 

dynamic model; and in nonlinear analyses with multiple 3D contact conditions for example.  In 

contrast, the rigid body method is insensitive to internal stress and strain, but is aptly suited for 

calculating large construct kinematics very rapidly.  The second area of difference is concerned 

with behavior studied, for the FEA studies the focus was plantar soft tissue deformation (through 

stress/strain and contact area) and ligament strain for various footwear studies3-5, surgical release 

of fascia8, and sensitivity studies6,7.  For the method presented in this work, the focus was joint 

movement, ligament strain, joint contact and plantar load distribution through rigid bony 

anatomy.  This approach was applied to AAFD and the consequences of the disease as well as its 

surgical corrections; this was also coupled with prior comparison to construct and structural 

properties of the medial arch.  Both sets of measurements are valuable to research and to answer 

questions in orthopaedics.  The ability to measure these different quantities depends on the 

simulation technique used, though some overlap exists (such as with ligament strains).   

Anatomy capture:  The benefits of obtaining complete scan data were emphasized in the 

transition from the Visible Human Project’s data sets to the in-house capture of leg and foot 

anatomy.  The programs used – MIMICS and SolidWorks - were not designed by the same 

corporations which required a degree of finesse in processing the data from one to the other.  By 

aligning the specimen with respect to the scan field, and obtaining neutral position of the ankle, 

much of the scan processing and model assembly hardships were avoided altogether. 
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  Model creation in SolidWorks.  Assembly of the bones in 3D space and 

building/connecting various indenters and ground plates for external control of the assembly was 

straightforward.  Some of the greatest difficulties in preparing simulations were the creation of 

osteotomies.  Surgical guidelines as discussed in the literature leave questions about osteotomy 

cut plane position and angle, as well as other bone dressing (how osteotomies are shaped) and 

fracture reducing issues (amount of fusion, precise bone placement).  These are overcome in the 

surgical arena by mentoring and extensive practice.  For an outside experimenter without years 

of practice in the operating room, re-creating these osteotomies was more difficult.  Descriptions 

of “1cm posterior to the anterior facet” and “bulk of the posterior calcaneal tuberosity” were not 

SolidWorks input fields.  Even without operating room experience, there are enough literature 

and book descriptions of these techniques available (including surgical residents to question) that 

the primary means and methods of creating these surgical repairs are anticipated to closely 

approximate common surgical technique.  Creating various cut surfaces and wedges for 

procedures required the addition of a framework of reference geometry to the bones to describe 

the surgical guidelines for such procedures.  Once this framework was in place, such procedures 

could be simulated.  This leads to the potential necessity of either close collaboration of 

simulators and surgeons, or the availability of a vast quantity of post surgical scan data for 

statistical analysis of technique.  Most likely, a combination of these methods will yield the best 

results. 

Simulation in COSMOSMotion.  The progression from spring elements to action reaction 

elements was delayed early by slack length issues and adequate soft tissue modeling.  As in situ 

strains were added, they first were wholly ineffective in generating a pre-strained state in tissues, 

but did act to reduce joint gaps somewhat.  This early closure stabilized both spring and tension 
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only models even though it was not immediately recognized as doing so.  With development of 

the final models, the deficiency of maintaining the in situ strains were first addressed with 

iterative reduction of joint gaps by refreshing the pre-strain.  A more robust final solution was 

found in the combination of mild iterative reduction and slight scaling of bony size. 

Adequate soft tissue modeling was a challenge on two fronts.  Increasing the size of 

element arrays to define a single anatomical structure with multiple “fibers” was a trade between 

reducing computation time and failure with shorter times to equilibrium, and increasing 

computation time due to complexity as well as modeler effort in defining and updating the 

increasing list of element functions.  The author foresees the potential of future research in this 

area to utilize custom programming to automate much of this complexity; it was a difficult 

balance in the development stage.  The behavior of these soft tissues, from a perspective of 

tension/compression springs vs. tension only elements with action reaction forces (once it could 

be successfully implemented) –was a straightforward and readily logical choice.  The reported 

studies on stiffness and slack length were very helpful but incomplete.  Further data was 

considered from more common sources such as ligament modulus of elasticity, but this required 

detailed information about ligament cross sectional area – information that was just as 

incomplete and error prone in the literature as stiffness.  The tensile behavior of ligaments 

demonstrates a toe region before entering into a linear region, whereas a linear stiffness was 

assumed for ligament tensile behavior in the computational models.  The literature reports that 

the in situ strain of ligaments in the beginning of the linear region is between 3-5%9,36-39.  Study 

of the wrist and ankle has demonstrated that many of these ligaments are in strain beyond the toe 

region in the neutral position35,41.  Further, the toe region is very sensitive to experimental testing 

protocols, such as tare load, and data in this region is not sufficiently quantified. Thus, a linear 
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stiffness was the most appropriate choice.  The concept of considering the toe region of tissue 

behavior leads to the prospect of creating bi-linear behavior of the tension only expressions.  

This was considered and briefly explored for the model.  Using a more detailed function 

expression, a toe region can be created to describe a more true three phase behavior (slack, toe, 

linear region – example of this is given in Appendix III).  However, this more complex behavior 

is less supported by quantitative measures in literature than the previous method, and was thus 

not adopted in this model. 

The literature leaves much to be desired in terms of quantitative behavior of the entire 

network of ligaments for the foot and ankle.  Challenges due to the small size of ankle tissues 

have long retarded the exhaustive study of the individual components of the foot and ankle in 

vitro.  Even with these deficiencies, this model has demonstrated an ability to use high resolution 

3D geometry and reported ligament properties to create results that are in close agreement with 

many reported experimental findings. 

An additional area for improvement lies with the inclusion of muscular action on the 

target joint.  For the foot, the Achillies tendon was easily added due to its simple line of action to 

the calcaneus.  Most other foot muscle, notably the posterior tibial tendon which is seen to play a 

role in flatfoot, act on the foot at several locations as their tendon bodies wrap around anatomy.  

This behavior is similar to the ligament wrapping discussed in earlier chapters.  The difficulty 

here is preserving the tension in the muscle elements while adding their stability to the various 

joints they cross in various sheathes and retinacula.  Those tendon paths in fact are much more 

extensive 3D paths than the wrapping considered for the plantar ligament and plantar fascia.  

Adding such elements was explored with the addition of sheath-simulating guide features which 

were manually added to bone, to direct the force of the tendon along its path.  The addition of 
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these pathways and additional tendon elements was successfully, but imparting their behavior 

lead to some simulation instability and overall poor performance.  Images of this technique are 

given in Appendix VI. 

Experimental Validation.  The predictive power of the final model variations was tested 

with consideration to experimental findings of arch stability granted by plantar structures, 

ligament strains in the presence of fascia release, and a multitude of experimental and clinical 

findings related to aspects of AAFD and its corrections. 

Arch Stability:  An additional strength of the developed computational models is the 

measurement of other parameters of interest such as ligament loads in the various injured states.  

Experimentally, the ultimate loads of ligaments have been measured, such as the plantar fascia at 

1189 ± 244N [20].  In the computational simulation of arch stability the plantar fascia was not 

seen to exceed 400N, suggesting that with either one of the spring or plantar ligaments 

transected, this tissue will not suffer failure under one cycle of stance loading.  Likewise, the 

tibio-spring part of the spring ligament, which originates from the medial/anterior angle of the 

distal tibia and inserts into the bulk of the anterior posterior spring ligament complex, is reported 

to have a yield load of 351 ± 231N [23].  When considering all the single and dual structure 

deficient simulations, these modeled spring ligament bands experienced a maximum of 258N of 

load, which falls within the standard deviation of reported yield.  This may be further 

exacerbated by cyclic loading to damage the spring ligament over time.  The plantar ligament, 

being a deep and complex band of tissues, is not easily measured experimentally and thus no 

experimental values are available for comparison. However, due to its robust size – less than the 

plantar fascia, but more than the tibio-spring and spring ligaments – a yield load can be estimated 

between that of the plantar fascia and spring ligament portion.  In the computational model, the 
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maximum load in the plantar ligament during all simulations was nearly 600N when the plantar 

fascia was transected, which is almost twice the yield load of the spring ligament portion, but 

half that of the plantar fascia.  Thus, under these conditions the plantar ligament could well be at 

risk for chronic damage. 

Flatfoot Simulations.  This computational model is an aid in understanding the complex 

weave of cause and effect seen with these surgical complication precursors.  Joint angle 

corrections, which influence or are influenced by soft tissue tension, conspire in some manner to 

alter gait characteristics.  Some side effects of this include the commonly seen complications, 

fixation failure, accelerated joint arthritis, and pain.  This model successfully predicted the 

various clinical and experimental joint angles changes that result from these common surgical 

techniques, including agreement with the strengths of each technique.  The soft tissue 

components of the model exhibited strain alterations across their bulk that correspond to 

experimental findings of how these tissues behave with lateral column procedures.  Altered 

ground contact was simulated in close agreement with experimental and clinical findings of these 

corrective procedures.  The exact interplay between these various factors, which is still largely 

unknown, is difficult to unravel in the clinical population.  Ellis et al.24 found significantly higher 

lateral midfoot average pressures in patients with lateral foot pain, which is a significant 

correlative finding in the potential source of this pain.  The degree of deformity for flatfoot in 

this model suggests that the standard sizes for the MCO and lateral column procedures would 

lead to overcorrection of deformity.  When considering the range of flatfoot deformity from the 

literature, this suggests the importance of size choice when assessing deformity to avoid the 

related complications mentioned here.  Future work both clinically and with computational 
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modeling as presented here, will further enlighten the community to the potential complications 

of these procedures and aid in the discovery of new treatments and tailoring of current ones. 

The overall performance of the model was good, with most results falling very near or 

within reported standard deviations.  The trends of plantar contribution to stability, ligament 

strain values from fascia release, flatfoot and corrected joint angle changes, medial to lateral 

ligament strain, and plantar load distribution were all very similar to reported findings, and 

complimented each other overall. 

The notable exceptions were total arch deformation in the stability model and 

calcaneocuboid contact force in the osteotomy simulations of AAFD repair.  A possible 

explanation for excessive arch deformation can lie either with the incomplete body of data 

reporting ligament behavior, or the level of modeled dissection when compared to experimental 

conditions.  An area of weakness in the model is that it only models ligament and bone behavior; 

the effects of musculature, fatty tissue, and skin layers are totally absent from the simulation.  

This may describe a somewhat less-stiff overall structure, and certainly comes into play when 

analyzing ground contact distribution.  Calcaneocuboid contact force was found to be several 

times higher in simulation than experimentally determined.  Possible explanations include 3D 

contact parameters which may not be restrictive enough in allowing bony interference, improper 

choices of slack length for ligaments crossing the calcaneocuboid joint (recalling that such data 

are only available for major ankle structures), or modeled ligament linearity which may be 

inadequate to predict realistic load magnitudes.  Even with such magnitude errors, the trends of 

these effects correctly predicted. 

This model methodology, now established and verified within certain parameters, is set to 

take the next steps in comparison to more complex experimental simulations.  With these further 
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simulations, additional data and relative changes unique to this model’s predictive ability will be 

able to investigate the biomechanical consequences of numerous bony and soft tissue pathologies 

and repairs to the foot.  The long-term goal of this computational modeling approach is for it to 

serve not only as a powerful research tool, but as a pre-surgical predictive planner for corrective 

procedures of the foot/ankle complex. 
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Appendix I: Ankle and Foot Dissection 
 

 

 

   

The plantar fascia exposed from calcaneal origin into metatarsal region, left.  Close up view 

of the distal dispersion of the fibers into the forefoot, right. 
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(Left is anterior, bottom is lateral) Superficial portions of the plantar ligament, probe is 

approximately at the calcaneocuboid joint level. 

 

 

 

(Tibia is at the top, left is anterior, medial view) Edge-on cut of the robust deltoid ligament 
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Appendix II: Ligament Definition Spreadsheet 
 

 

Ligament Stiffness Physical Length Settle 1 Length Settled 3 (Gen 5) Marker 1 Marker 2
Anterior Talofibular 142 25.157 23.800 22.77 4323 4324

Anterior Tibiofibular 1 120 10.342 15.000 14.08 4325 4326
Anterior Tibiofibular 2 120 8.936 13.000 12.30 4327 4328
Anterior Tibiotalar part 90 13.421 12.100 11.13 4329 4330

Calcaneal Cubiod 90 15.880 15.600 14.64 4331 4332
Calcaneofibular 1 64 19.102 16.100 15.68 4333 4334
Calcaneofibular 2 64 17.630 14.000 14.60 4335 4336
Calcaneonavicular 120 21.481 19.200 19.08 4337 4338

Distal Intermetatarsal 5 90 15.931 15.710 15.86 4339 4340
Distal Intermetatarsal 6 90 9.934 9.300 9.63 4341 4342
Distal Intermetatarsal 7 90 11.099 10.700 10.93 4343 4344
Distal Intermetatarsal 8 90 21.431 20.300 20.80 4345 4346

Dorsal Calcanealcuboid 1 90 8.014 7.300 7.05 4347 4348
Dorsal Calcanealcuboid 2 90 8.533 7.900 7.83 4349 4350
Dorsal Cuboidenavicular 120 10.607 10.300 10.30 4353 4354
Dorsal Cuneocuboid 1 120 6.243 6.200 6.10 4351 4352
Dorsal Cuneocuboid 2 120 6.283 5.900 6.02 4355 4356

Dorsal Cuneonavicular 1 120 8.398 8.070 8.18 4357 4358
Dorsal Cuneonavicular 2 120 7.735 7.700 7.70 4359 4360
Dorsal Cuneonavicular 3 120 6.778 7.200 6.80 4361 4362
Dorsal Cuneonavicular 4 120 9.385 8.400 8.15 4363 4364
Dorsal Cuneonavicular 5 60 9.480 9.800 9.800 4369 4370
Dorsal Cuneonavicular 6 60 8.420 8.200 8.200 4371 4372
Dorsal Cuneonavicular 7 60 7.840 7.600 7.600 15875 15876
Dorsal Cuneonavicular 8 60 7.240 6.900 6.900 15877 15878
Dorsal Intercuneiform 1 120 5.850 5.300 5.34 4373 4374
Dorsal Intercuneiform 2 60 5.440 4.900 4.900 4375 4376
Dorsal Intercuneiform 3 60 5.320 6.000 6.000 15873 15874

Dorsal Metatarsal 1 90 4.974 4.400 4.40 4377 4378
Dorsal Metatarsal 2 90 5.571 5.800 5.69 4379 4380
Dorsal Metatarsal 3 90 4.848 4.800 4.79 4381 4382
Dorsal Metatarsal 4 90 7.125 7.700 7.85 4383 4384

Dorsal Talonavicular 1 120 4.868 5.200 3.71 4385 4386
Dorsal Talonavicular 2 120 6.312 6.200 6.20 4387 4388

Dorsal Tarsometatarsal 1 90 10.528 9.600 9.57 4389 4390
Dorsal Tarsometatarsal 10 90 6.342 7.500 7.29 4411 4412
Dorsal Tarsometatarsal 11 90 6.347 4.700 4.73 4413 4414
Dorsal Tarsometatarsal 12 90 13.113 10.000 8.98 4415 4416
Dorsal Tarsometatarsal 13 90 13.300 9.800 8.97 5639 5640
Dorsal Tarsometatarsal 14 90 10.870 7.600 7.600 5641 5642
Dorsal Tarsometatarsal 2 90 7.926 7.330 7.07 4391 4392
Dorsal Tarsometatarsal 3 90 5.588 5.700 5.63 4393 4394
Dorsal Tarsometatarsal 4 90 6.713 5.800 5.47 4395 4396
Dorsal Tarsometatarsal 5 90 6.166 6.400 6.35 4397 4398
Dorsal Tarsometatarsal 6 90 5.322 5.400 5.18 4399 4400
Dorsal Tarsometatarsal 7 90 7.428 8.100 7.93 4403 4404
Dorsal Tarsometatarsal 8 90 5.824 5.200 4.84 4405 4406
Dorsal Tarsometatarsal 9 90 4.959 5.200 5.52 4407 4408
Inferior Calcaneocuboid 90 6.210 4.900 5.25 4419 4420

IOM 1 126 20.367 14.000 13.94 4429 4430
IOM 2 126 27.130 19.000 19.11 4431 4432
IOM 3 126 26.437 18.000 18.35 4433 4434
IOM 4 126 20.482 14.000 14.42 4435 4436
IOM 5 126 14.350 10.000 9.50 4437 4438
IOM 6 126 9.837 6.800 6.67 4439 4440
IOM 7 126 6.606 6.800 6.59 4441 4442  



 

 161 

Ligament Stiffness Settled 3 4% strain
Anterior Talofibular 142 IF(DM(4323,4324)-21.8592:0,0,-142*(DM(4323,4324)-21.8592)-0.1*VR(4323,4324))

Anterior Tibiofibular 1 120 IF(DM(4325,4326)-13.5168:0,0,-120*(DM(4325,4326)-13.5168)-0.1*VR(4325,4326))
Anterior Tibiofibular 2 120 IF(DM(4327,4328)-11.808:0,0,-120*(DM(4327,4328)-11.808)-0.1*VR(4327,4328))
Anterior Tibiotalar part 90 IF(DM(4329,4330)-10.6848:0,0,-90*(DM(4329,4330)-10.6848)-0.1*VR(4329,4330))

Calcaneal Cubiod 90 IF(DM(4331,4332)-14.0544:0,0,-90*(DM(4331,4332)-14.0544)-0.1*VR(4331,4332))
Calcaneofibular 1 64 IF(DM(4333,4334)-15.0528:0,0,-64*(DM(4333,4334)-15.0528)-0.1*VR(4333,4334))
Calcaneofibular 2 64 IF(DM(4335,4336)-14.016:0,0,-64*(DM(4335,4336)-14.016)-0.1*VR(4335,4336))
Calcaneonavicular 120 IF(DM(4337,4338)-18.3168:0,0,-120*(DM(4337,4338)-18.3168)-0.1*VR(4337,4338))

Distal Intermetatarsal 5 90 IF(DM(4339,4340)-15.2256:0,0,-90*(DM(4339,4340)-15.2256)-0.1*VR(4339,4340))
Distal Intermetatarsal 6 90 IF(DM(4341,4342)-9.2448:0,0,-90*(DM(4341,4342)-9.2448)-0.1*VR(4341,4342))
Distal Intermetatarsal 7 90 IF(DM(4343,4344)-10.4928:0,0,-90*(DM(4343,4344)-10.4928)-0.1*VR(4343,4344))
Distal Intermetatarsal 8 90 IF(DM(4345,4346)-19.968:0,0,-90*(DM(4345,4346)-19.968)-0.1*VR(4345,4346))

Dorsal Calcanealcuboid 1 90 IF(DM(4347,4348)-6.768:0,0,-90*(DM(4347,4348)-6.768)-0.1*VR(4347,4348))
Dorsal Calcanealcuboid 2 90 IF(DM(4349,4350)-7.5168:0,0,-90*(DM(4349,4350)-7.5168)-0.1*VR(4349,4350))
Dorsal Cuboidenavicular 120 IF(DM(4353,4354)-9.888:0,0,-120*(DM(4353,4354)-9.888)-0.1*VR(4353,4354))
Dorsal Cuneocuboid 1 120 IF(DM(4351,4352)-5.856:0,0,-120*(DM(4351,4352)-5.856)-0.1*VR(4351,4352))
Dorsal Cuneocuboid 2 120 IF(DM(4355,4356)-5.7792:0,0,-120*(DM(4355,4356)-5.7792)-0.1*VR(4355,4356))

Dorsal Cuneonavicular 1 120 IF(DM(4357,4358)-7.8528:0,0,-120*(DM(4357,4358)-7.8528)-0.1*VR(4357,4358))
Dorsal Cuneonavicular 2 120 IF(DM(4359,4360)-7.392:0,0,-120*(DM(4359,4360)-7.392)-0.1*VR(4359,4360))
Dorsal Cuneonavicular 3 120 IF(DM(4361,4362)-6.528:0,0,-120*(DM(4361,4362)-6.528)-0.1*VR(4361,4362))
Dorsal Cuneonavicular 4 120 IF(DM(4363,4364)-7.824:0,0,-120*(DM(4363,4364)-7.824)-0.1*VR(4363,4364))
Dorsal Cuneonavicular 5 60 IF(DM(4369,4370)-9.408:0,0,-60*(DM(4369,4370)-9.408)-0.1*VR(4369,4370))
Dorsal Cuneonavicular 6 60 IF(DM(4371,4372)-7.872:0,0,-60*(DM(4371,4372)-7.872)-0.1*VR(4371,4372))
Dorsal Cuneonavicular 7 60 IF(DM(15875,15876)-7.296:0,0,-60*(DM(15875,15876)-7.296)-0.1*VR(15875,15876))
Dorsal Cuneonavicular 8 60 IF(DM(15877,15878)-6.624:0,0,-60*(DM(15877,15878)-6.624)-0.1*VR(15877,15878))
Dorsal Intercuneiform 1 120 IF(DM(4373,4374)-5.1264:0,0,-120*(DM(4373,4374)-5.1264)-0.1*VR(4373,4374))
Dorsal Intercuneiform 2 60 IF(DM(4375,4376)-4.704:0,0,-60*(DM(4375,4376)-4.704)-0.1*VR(4375,4376))
Dorsal Intercuneiform 3 60 IF(DM(15873,15874)-5.76:0,0,-60*(DM(15873,15874)-5.76)-0.1*VR(15873,15874))

Dorsal Metatarsal 1 90 IF(DM(4377,4378)-4.224:0,0,-90*(DM(4377,4378)-4.224)-0.1*VR(4377,4378))
Dorsal Metatarsal 2 90 IF(DM(4379,4380)-5.4624:0,0,-90*(DM(4379,4380)-5.4624)-0.1*VR(4379,4380))
Dorsal Metatarsal 3 90 IF(DM(4381,4382)-4.5984:0,0,-90*(DM(4381,4382)-4.5984)-0.1*VR(4381,4382))
Dorsal Metatarsal 4 90 IF(DM(4383,4384)-7.536:0,0,-90*(DM(4383,4384)-7.536)-0.1*VR(4383,4384))

Dorsal Talonavicular 1 120 IF(DM(4385,4386)-3.5616:0,0,-120*(DM(4385,4386)-3.5616)-0.1*VR(4385,4386))
Dorsal Talonavicular 2 120 IF(DM(4387,4388)-5.952:0,0,-120*(DM(4387,4388)-5.952)-0.1*VR(4387,4388))

Dorsal Tarsometatarsal 1 90 IF(DM(4389,4390)-9.1872:0,0,-90*(DM(4389,4390)-9.1872)-0.1*VR(4389,4390))
Dorsal Tarsometatarsal 10 90 IF(DM(4411,4412)-6.9984:0,0,-90*(DM(4411,4412)-6.9984)-0.1*VR(4411,4412))
Dorsal Tarsometatarsal 11 90 IF(DM(4413,4414)-4.5408:0,0,-90*(DM(4413,4414)-4.5408)-0.1*VR(4413,4414))
Dorsal Tarsometatarsal 12 90 IF(DM(4415,4416)-8.6208:0,0,-90*(DM(4415,4416)-8.6208)-0.1*VR(4415,4416))
Dorsal Tarsometatarsal 13 90 IF(DM(5639,5640)-8.6112:0,0,-90*(DM(5639,5640)-8.6112)-0.1*VR(5639,5640))
Dorsal Tarsometatarsal 14 90 IF(DM(5641,5642)-7.296:0,0,-90*(DM(5641,5642)-7.296)-0.1*VR(5641,5642))
Dorsal Tarsometatarsal 2 90 IF(DM(4391,4392)-6.7872:0,0,-90*(DM(4391,4392)-6.7872)-0.1*VR(4391,4392))
Dorsal Tarsometatarsal 3 90 IF(DM(4393,4394)-5.4048:0,0,-90*(DM(4393,4394)-5.4048)-0.1*VR(4393,4394))
Dorsal Tarsometatarsal 4 90 IF(DM(4395,4396)-5.2512:0,0,-90*(DM(4395,4396)-5.2512)-0.1*VR(4395,4396))
Dorsal Tarsometatarsal 5 90 IF(DM(4397,4398)-6.096:0,0,-90*(DM(4397,4398)-6.096)-0.1*VR(4397,4398))
Dorsal Tarsometatarsal 6 90 IF(DM(4399,4400)-4.9728:0,0,-90*(DM(4399,4400)-4.9728)-0.1*VR(4399,4400))
Dorsal Tarsometatarsal 7 90 IF(DM(4403,4404)-7.6128:0,0,-90*(DM(4403,4404)-7.6128)-0.1*VR(4403,4404))
Dorsal Tarsometatarsal 8 90 IF(DM(4405,4406)-4.6464:0,0,-90*(DM(4405,4406)-4.6464)-0.1*VR(4405,4406))
Dorsal Tarsometatarsal 9 90 IF(DM(4407,4408)-5.2992:0,0,-90*(DM(4407,4408)-5.2992)-0.1*VR(4407,4408))
Inferior Calcaneocuboid 90 IF(DM(4419,4420)-5.04:0,0,-90*(DM(4419,4420)-5.04)-0.1*VR(4419,4420))

IOM 1 126 IF(DM(4429,4430)-13.3824:0,0,-126*(DM(4429,4430)-13.3824)-0.1*VR(4429,4430))
IOM 2 126 IF(DM(4431,4432)-18.3456:0,0,-126*(DM(4431,4432)-18.3456)-0.1*VR(4431,4432))
IOM 3 126 IF(DM(4433,4434)-17.616:0,0,-126*(DM(4433,4434)-17.616)-0.1*VR(4433,4434))
IOM 4 126 IF(DM(4435,4436)-13.8432:0,0,-126*(DM(4435,4436)-13.8432)-0.1*VR(4435,4436))
IOM 5 126 IF(DM(4437,4438)-9.12:0,0,-126*(DM(4437,4438)-9.12)-0.1*VR(4437,4438))
IOM 6 126 IF(DM(4439,4440)-6.4032:0,0,-126*(DM(4439,4440)-6.4032)-0.1*VR(4439,4440))
IOM 7 126 IF(DM(4441,4442)-6.3264:0,0,-126*(DM(4441,4442)-6.3264)-0.1*VR(4441,4442))  
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Ligament Stiffness Physical Length Settle 1 Length Settled 3 (Gen 5) Marker 1 Marker 2
Interosseus Talocalcaneal 1 90 8.901 7.700 7.97 4421 4422
Interosseus Talocalcaneal 2 90 6.559 5.400 6.27 4423 4424
Interosseus Talocalcaneal 3 90 5.701 4.200 5.16 4425 4426

Lateral Talocalcaneal 90 4.985 4.100 4.45 4449 4450
PL1 Distal 40 28.54 25.500 26.32 11449 11450

PL1 Proximal 40 39.83 36.000 37 11451 11452
PL2 Distal 40 28.58 27.000 27.43 11453 11454

PL2 Proximal 40 45.04 40.000 41.68 11455 11456
PL3 Distal 40 25.13 22.000 23.16 11457 11458

PL3 Proximal 40 48.42 44.000 46.23 11459 11460
PL4 Distal 40 24 22.000 22.3 11461 11462

PL4 Proximal 40 59.18 54.800 56.64 11463 11464
PL5 Distal 40 15.41 14.000 14.3 11465 11466

PL5 Proximal 40 56.03 52.000 53.88 11467 11468
PL6 Distal 40 18.33 17.000 17.31 11469 11470

PL6 Proximal 40 52.7 48.600 50.34 11471 11472
Long Plantar Ligament 5-1 40 47.270 42.000 43.70 5429 5430
Long Plantar Ligament 5-2 40 55.640 50.000 52.20 5431 5432

Medial Talocalcaneal 120 9.602 7.800 8.27 4471 4472
Planar Cuneocuboid 1 90 12.558 11.900 12.15 4473 4474
Planar Cuneocuboid 2 90 9.304 9.370 9.23 4475 4476

Plantar Calcaneocuboid 1 90 28.220 26.300 27.10 4479 4480
Plantar Calcaneocuboid 2 90 47.195 40.700 41.78 4481 4482
Plantar Calcaneocuboid 3 90 46.228 38.800 40.15 4483 4484

antar Calcaneonavicular (Spring 50 25.472 22.500 23.08 4487 4488
antar Calcaneonavicular (Spring 50 22.576 20.100 20.83 4489 4490
antar Calcaneonavicular (Spring 50 18.302 18.600 18.40 4491 4492
antar Calcaneonavicular (Spring 50 18.566 16.900 17.97 4493 4494

Plantar CalcCub Capsule 1 90 8.680 8.500 8.57 5597 5598
Plantar CalcCub Capsule 2 90 7.870 7.000 7.31 5599 5600
Plantar CalcCub Capsule 3 90 8.130 6.400 6.88 5601 5602

Plantar Cuboideonavicular 1 90 23.266 18.000 17.90 4497 4498
Plantar Cuboideonavicular 2 90 23.450 19.000 18.91 4499 4500

Plantar Cuneonavicular 1 90 8.337 6.900 7.92 4501 4502
Plantar Cuneonavicular 2 90 5.500 3.900 3.900 4503 4504
Plantar Cuneonavicular 3 90 8.450 6.400 6.400 15881 15882

Plantar Fascia Base 1 40 67.660 63.000 64.87 5515 5516
Plantar Fascia Base 2 40 64.560 60.000 61.77 5517 5518
Plantar Fascia Base 3 40 62.510 58.000 59.86 5519 5520
Plantar Fascia Base 4 40 60.070 56.000 57.68 5521 5522
Plantar Fascia Base 5 40 59.750 56.000 57.43 5523 5524
Plantar Fascia End 1 60 69.550 63.000 65.65 5525 5526
Plantar Fascia End 2 50 74.070 69.000 71.06 5527 5528
Plantar Fascia End 3 50 70.730 65.000 67.15 5529 5530
Plantar Fascia End 4 20 64.560 61.000 62.04 5531 5532
Plantar Fascia End 5 20 57.660 52.000 53.25 5533 5534  
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Ligament Stiffness Settled 3 4% strain
Interosseus Talocalcaneal 1 90 IF(DM(4421,4422)-7.6512:0,0,-90*(DM(4421,4422)-7.6512)-0.1*VR(4421,4422))
Interosseus Talocalcaneal 2 90 IF(DM(4423,4424)-6.0192:0,0,-90*(DM(4423,4424)-6.0192)-0.1*VR(4423,4424))
Interosseus Talocalcaneal 3 90 IF(DM(4425,4426)-4.9536:0,0,-90*(DM(4425,4426)-4.9536)-0.1*VR(4425,4426))

Lateral Talocalcaneal 90 IF(DM(4449,4450)-4.272:0,0,-90*(DM(4449,4450)-4.272)-0.1*VR(4449,4450))
PL1 Distal 40 IF(DM(11449,11450)-25.2672:0,0,-40*(DM(11449,11450)-25.2672)-0.1*VR(11449,11450))

PL1 Proximal 40 IF(DM(11451,11452)-35.52:0,0,-40*(DM(11451,11452)-35.52)-0.1*VR(11451,11452))
PL2 Distal 40 IF(DM(11453,11454)-26.3328:0,0,-40*(DM(11453,11454)-26.3328)-0.1*VR(11453,11454))

PL2 Proximal 40 IF(DM(11455,11456)-40.0128:0,0,-40*(DM(11455,11456)-40.0128)-0.1*VR(11455,11456))
PL3 Distal 40 IF(DM(11457,11458)-22.2336:0,0,-40*(DM(11457,11458)-22.2336)-0.1*VR(11457,11458))

PL3 Proximal 40 IF(DM(11459,11460)-44.3808:0,0,-40*(DM(11459,11460)-44.3808)-0.1*VR(11459,11460))
PL4 Distal 40 IF(DM(11461,11462)-21.408:0,0,-40*(DM(11461,11462)-21.408)-0.1*VR(11461,11462))

PL4 Proximal 40 IF(DM(11463,11464)-54.3744:0,0,-40*(DM(11463,11464)-54.3744)-0.1*VR(11463,11464))
PL5 Distal 40 IF(DM(11465,11466)-13.728:0,0,-40*(DM(11465,11466)-13.728)-0.1*VR(11465,11466))

PL5 Proximal 40 IF(DM(11467,11468)-51.7248:0,0,-40*(DM(11467,11468)-51.7248)-0.1*VR(11467,11468))
PL6 Distal 40 IF(DM(11469,11470)-16.6176:0,0,-40*(DM(11469,11470)-16.6176)-0.1*VR(11469,11470))

PL6 Proximal 40 IF(DM(11471,11472)-48.3264:0,0,-40*(DM(11471,11472)-48.3264)-0.1*VR(11471,11472))
Long Plantar Ligament 5-1 40 IF(DM(5429,5430)-41.952:0,0,-40*(DM(5429,5430)-41.952)-0.1*VR(5429,5430))
Long Plantar Ligament 5-2 40 IF(DM(5431,5432)-50.112:0,0,-40*(DM(5431,5432)-50.112)-0.1*VR(5431,5432))

Medial Talocalcaneal 120 IF(DM(4471,4472)-7.9392:0,0,-120*(DM(4471,4472)-7.9392)-0.1*VR(4471,4472))
Planar Cuneocuboid 1 90 IF(DM(4473,4474)-11.664:0,0,-90*(DM(4473,4474)-11.664)-0.1*VR(4473,4474))
Planar Cuneocuboid 2 90 IF(DM(4475,4476)-8.8608:0,0,-90*(DM(4475,4476)-8.8608)-0.1*VR(4475,4476))

Plantar Calcaneocuboid 1 90 IF(DM(4479,4480)-26.016:0,0,-90*(DM(4479,4480)-26.016)-0.1*VR(4479,4480))
Plantar Calcaneocuboid 2 90 IF(DM(4481,4482)-40.1088:0,0,-90*(DM(4481,4482)-40.1088)-0.1*VR(4481,4482))
Plantar Calcaneocuboid 3 90 IF(DM(4483,4484)-38.544:0,0,-90*(DM(4483,4484)-38.544)-0.1*VR(4483,4484))

antar Calcaneonavicular (Spring 50 IF(DM(4487,4488)-22.1568:0,0,-50*(DM(4487,4488)-22.1568)-0.1*VR(4487,4488))
antar Calcaneonavicular (Spring 50 IF(DM(4489,4490)-19.9968:0,0,-50*(DM(4489,4490)-19.9968)-0.1*VR(4489,4490))
antar Calcaneonavicular (Spring 50 IF(DM(4491,4492)-17.664:0,0,-50*(DM(4491,4492)-17.664)-0.1*VR(4491,4492))
antar Calcaneonavicular (Spring 50 IF(DM(4493,4494)-17.2512:0,0,-50*(DM(4493,4494)-17.2512)-0.1*VR(4493,4494))

Plantar CalcCub Capsule 1 90 IF(DM(5597,5598)-8.2272:0,0,-90*(DM(5597,5598)-8.2272)-0.1*VR(5597,5598))
Plantar CalcCub Capsule 2 90 IF(DM(5599,5600)-7.0176:0,0,-90*(DM(5599,5600)-7.0176)-0.1*VR(5599,5600))
Plantar CalcCub Capsule 3 90 IF(DM(5601,5602)-6.6048:0,0,-90*(DM(5601,5602)-6.6048)-0.1*VR(5601,5602))

Plantar Cuboideonavicular 1 90 IF(DM(4497,4498)-17.184:0,0,-90*(DM(4497,4498)-17.184)-0.1*VR(4497,4498))
Plantar Cuboideonavicular 2 90 IF(DM(4499,4500)-18.1536:0,0,-90*(DM(4499,4500)-18.1536)-0.1*VR(4499,4500))

Plantar Cuneonavicular 1 90 IF(DM(4501,4502)-7.6032:0,0,-90*(DM(4501,4502)-7.6032)-0.1*VR(4501,4502))
Plantar Cuneonavicular 2 90 IF(DM(4503,4504)-3.744:0,0,-90*(DM(4503,4504)-3.744)-0.1*VR(4503,4504))
Plantar Cuneonavicular 3 90 IF(DM(15881,15882)-6.144:0,0,-90*(DM(15881,15882)-6.144)-0.1*VR(15881,15882))

Plantar Fascia Base 1 40 IF(DM(5515,5516)-62.2752:0,0,-40*(DM(5515,5516)-62.2752)-0.1*VR(5515,5516))
Plantar Fascia Base 2 40 IF(DM(5517,5518)-59.2992:0,0,-40*(DM(5517,5518)-59.2992)-0.1*VR(5517,5518))
Plantar Fascia Base 3 40 IF(DM(5519,5520)-57.4656:0,0,-40*(DM(5519,5520)-57.4656)-0.1*VR(5519,5520))
Plantar Fascia Base 4 40 IF(DM(5521,5522)-55.3728:0,0,-40*(DM(5521,5522)-55.3728)-0.1*VR(5521,5522))
Plantar Fascia Base 5 40 IF(DM(5523,5524)-55.1328:0,0,-40*(DM(5523,5524)-55.1328)-0.1*VR(5523,5524))
Plantar Fascia End 1 60 IF(DM(5525,5526)-63.024:0,0,-60*(DM(5525,5526)-63.024)-0.1*VR(5525,5526))
Plantar Fascia End 2 50 IF(DM(5527,5528)-68.2176:0,0,-50*(DM(5527,5528)-68.2176)-0.1*VR(5527,5528))
Plantar Fascia End 3 50 IF(DM(5529,5530)-64.464:0,0,-50*(DM(5529,5530)-64.464)-0.1*VR(5529,5530))
Plantar Fascia End 4 20 IF(DM(5531,5532)-59.5584:0,0,-20*(DM(5531,5532)-59.5584)-0.1*VR(5531,5532))
Plantar Fascia End 5 20 IF(DM(5533,5534)-51.12:0,0,-20*(DM(5533,5534)-51.12)-0.1*VR(5533,5534))  
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Ligament Stiffness Physical Length Settle 1 Length Settled 3 (Gen 5) Marker 1 Marker 2
Plantar Fascia Lateral 1 40 60.320 56.000 56.000 4529 4530
Plantar Fascia Lateral 2 40 57.110 53.000 53.000 4531 4532

Plantar Intercuneio 1 90 7.783 6.100 6.21 4539 4540
Plantar Intercuneio 2 90 7.638 5.600 5.90 4541 4542
Plantar Intercuneio 3 90 8.680 6.100 6.100 4543 4544
Plantar Intercuneio 4 90 6.010 4.500 4.500 4545 4546

Plantar Intermetatarsal 1 90 9.277 8.900 8.85 4549 4550
Plantar Intermetatarsal 2 90 9.782 7.500 7.68 4551 4552
Plantar Intermetatarsal 3 90 8.142 6.200 6.03 4553 4554
Plantar Intermetatarsal 4 90 14.654 13.300 14.15 4555 4556
Plantar Tarsometatarsal 1 90 11.200 8.500 8.500 4559 4560
Plantar Tarsometatarsal 2 90 6.645 5.600 5.48 4561 4562
Plantar Tarsometatarsal 3 90 10.714 7.000 7.80 4563 4564
Plantar Tarsometatarsal 4 90 6.348 5.500 5.52 4565 4566
Plantar Tarsometatarsal 5 90 5.635 3.900 4.44 4567 4568
Plantar Tarsometatarsal 6 90 6.897 5.000 5.17 4569 4570
Plantar Tarsometatarsal 7 90 12.551 10.800 10.75 4571 4572
Plantar Tarsometatarsal 8 90 8.820 6.500 7.55 4573 4574
Plantar Tarsometatarsal 9 90 8.693 8.100 8.36 4575 4576

Plantar Tarsometatarsal 10 90 8.600 7.900 8.07 4577 4578
Plantar Tarsometatarsal 11 90 13.569 11.800 11.98 4579 4580
Posterior Talocalcaneal 1 90 6.421 5.800 5.28 4583 4584
Posterior Talocalcaneal 2 90 7.877 7.600 7.08 4585 4586

Posterior Talofibular 1 82 15.243 13.100 13.38 4587 4588
Posterior Talofibular 2 82 17.279 15.600 15.54 4589 4590
Posterior Tibiofibular 90 11.384 8.900 9.28 4593 4594

Posterior Tibiotalar Part 1 117 17.392 15.500 15.42 4595 4596
Posterior Tibiotalar Part 2 117 18.800 17.700 17.52 4597 4598

Proximal Tibiofibular 1 200 15.929 15.000 14.16 4599 4600
Proximal Tibiofibular 2 200 7.518 7.900 7.48 4601 4602
Proximal Tibiofibular 3 200 16.493 5.000 5.68 4623 4624
Proximal Tibiofibular 4 200 14.110 13.600 13.34 4903 4904
Proximal Tibiofibular 5 200 16.530 11.500 11.74 4905 4906
Proximal Tibiofibular 6 200 15.120 12.200 12.15 4907 4908

Superior Fibular Retinaculum 1 90 16.824 13.200 13.53 4607 4608
Superior Fibular Retinaculum 2 90 19.063 17.400 17.57 4609 4610

Tibiocalcaneal Part 1 200 25.961 22.000 22.30 4621 4622
Tibiocalcaneal Part 2 200 26.507 17.400 22.67 4623 4624
Tibionavicular Part 1 40 29.678 28.600 29.00 4625 4626
Tibionavicular Part 2 40 27.788 26.900 26.78 4627 4628

Tibiospring 1 200 22.810 18.100 18.93 4629 4630
Tibiospring 2 61 28.388 25.600 26.60 4631 4632  
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Ligament Stiffness Settled 3 4% strain
Plantar Fascia Lateral 1 40 IF(DM(4529,4530)-53.76:0,0,-40*(DM(4529,4530)-53.76)-0.1*VR(4529,4530))
Plantar Fascia Lateral 2 40 IF(DM(4531,4532)-50.88:0,0,-40*(DM(4531,4532)-50.88)-0.1*VR(4531,4532))

Plantar Intercuneio 1 90 IF(DM(4539,4540)-5.9616:0,0,-90*(DM(4539,4540)-5.9616)-0.1*VR(4539,4540))
Plantar Intercuneio 2 90 IF(DM(4541,4542)-5.664:0,0,-90*(DM(4541,4542)-5.664)-0.1*VR(4541,4542))
Plantar Intercuneio 3 90 IF(DM(4543,4544)-5.856:0,0,-90*(DM(4543,4544)-5.856)-0.1*VR(4543,4544))
Plantar Intercuneio 4 90 IF(DM(4545,4546)-4.32:0,0,-90*(DM(4545,4546)-4.32)-0.1*VR(4545,4546))

Plantar Intermetatarsal 1 90 IF(DM(4549,4550)-8.496:0,0,-90*(DM(4549,4550)-8.496)-0.1*VR(4549,4550))
Plantar Intermetatarsal 2 90 IF(DM(4551,4552)-7.3728:0,0,-90*(DM(4551,4552)-7.3728)-0.1*VR(4551,4552))
Plantar Intermetatarsal 3 90 IF(DM(4553,4554)-5.7888:0,0,-90*(DM(4553,4554)-5.7888)-0.1*VR(4553,4554))
Plantar Intermetatarsal 4 90 IF(DM(4555,4556)-13.584:0,0,-90*(DM(4555,4556)-13.584)-0.1*VR(4555,4556))
Plantar Tarsometatarsal 1 90 IF(DM(4559,4560)-8.16:0,0,-90*(DM(4559,4560)-8.16)-0.1*VR(4559,4560))
Plantar Tarsometatarsal 2 90 IF(DM(4561,4562)-5.2608:0,0,-90*(DM(4561,4562)-5.2608)-0.1*VR(4561,4562))
Plantar Tarsometatarsal 3 90 IF(DM(4563,4564)-7.488:0,0,-90*(DM(4563,4564)-7.488)-0.1*VR(4563,4564))
Plantar Tarsometatarsal 4 90 IF(DM(4565,4566)-5.2992:0,0,-90*(DM(4565,4566)-5.2992)-0.1*VR(4565,4566))
Plantar Tarsometatarsal 5 90 IF(DM(4567,4568)-4.2624:0,0,-90*(DM(4567,4568)-4.2624)-0.1*VR(4567,4568))
Plantar Tarsometatarsal 6 90 IF(DM(4569,4570)-4.9632:0,0,-90*(DM(4569,4570)-4.9632)-0.1*VR(4569,4570))
Plantar Tarsometatarsal 7 90 IF(DM(4571,4572)-10.32:0,0,-90*(DM(4571,4572)-10.32)-0.1*VR(4571,4572))
Plantar Tarsometatarsal 8 90 IF(DM(4573,4574)-7.248:0,0,-90*(DM(4573,4574)-7.248)-0.1*VR(4573,4574))
Plantar Tarsometatarsal 9 90 IF(DM(4575,4576)-8.0256:0,0,-90*(DM(4575,4576)-8.0256)-0.1*VR(4575,4576))

Plantar Tarsometatarsal 10 90 IF(DM(4577,4578)-7.7472:0,0,-90*(DM(4577,4578)-7.7472)-0.1*VR(4577,4578))
Plantar Tarsometatarsal 11 90 IF(DM(4579,4580)-11.5008:0,0,-90*(DM(4579,4580)-11.5008)-0.1*VR(4579,4580))
Posterior Talocalcaneal 1 90 IF(DM(4583,4584)-5.0688:0,0,-90*(DM(4583,4584)-5.0688)-0.1*VR(4583,4584))
Posterior Talocalcaneal 2 90 IF(DM(4585,4586)-6.7968:0,0,-90*(DM(4585,4586)-6.7968)-0.1*VR(4585,4586))

Posterior Talofibular 1 82 IF(DM(4587,4588)-12.8448:0,0,-82*(DM(4587,4588)-12.8448)-0.1*VR(4587,4588))
Posterior Talofibular 2 82 IF(DM(4589,4590)-14.9184:0,0,-82*(DM(4589,4590)-14.9184)-0.1*VR(4589,4590))
Posterior Tibiofibular 90 IF(DM(4593,4594)-8.9088:0,0,-90*(DM(4593,4594)-8.9088)-0.1*VR(4593,4594))

Posterior Tibiotalar Part 1 117 IF(DM(4595,4596)-14.8032:0,0,-117*(DM(4595,4596)-14.8032)-0.1*VR(4595,4596))
Posterior Tibiotalar Part 2 117 IF(DM(4597,4598)-16.8192:0,0,-117*(DM(4597,4598)-16.8192)-0.1*VR(4597,4598))

Proximal Tibiofibular 1 200 IF(DM(4599,4600)-13.5936:0,0,-200*(DM(4599,4600)-13.5936)-0.1*VR(4599,4600))
Proximal Tibiofibular 2 200 IF(DM(4601,4602)-7.1808:0,0,-200*(DM(4601,4602)-7.1808)-0.1*VR(4601,4602))
Proximal Tibiofibular 3 200 IF(DM(4623,4624)-5.4528:0,0,-200*(DM(4623,4624)-5.4528)-0.1*VR(4623,4624))
Proximal Tibiofibular 4 200 IF(DM(4903,4904)-12.8064:0,0,-200*(DM(4903,4904)-12.8064)-0.1*VR(4903,4904))
Proximal Tibiofibular 5 200 IF(DM(4905,4906)-11.2704:0,0,-200*(DM(4905,4906)-11.2704)-0.1*VR(4905,4906))
Proximal Tibiofibular 6 200 IF(DM(4907,4908)-11.664:0,0,-200*(DM(4907,4908)-11.664)-0.1*VR(4907,4908))

Superior Fibular Retinaculum 1 90 IF(DM(4607,4608)-12.9888:0,0,-90*(DM(4607,4608)-12.9888)-0.1*VR(4607,4608))
Superior Fibular Retinaculum 2 90 IF(DM(4609,4610)-16.8672:0,0,-90*(DM(4609,4610)-16.8672)-0.1*VR(4609,4610))

Tibiocalcaneal Part 1 200 IF(DM(4621,4622)-21.408:0,0,-200*(DM(4621,4622)-21.408)-0.1*VR(4621,4622))
Tibiocalcaneal Part 2 200 IF(DM(4623,4624)-21.7632:0,0,-200*(DM(4623,4624)-21.7632)-0.1*VR(4623,4624))
Tibionavicular Part 1 40 IF(DM(4625,4626)-27.84:0,0,-40*(DM(4625,4626)-27.84)-0.1*VR(4625,4626))
Tibionavicular Part 2 40 IF(DM(4627,4628)-25.7088:0,0,-40*(DM(4627,4628)-25.7088)-0.1*VR(4627,4628))

Tibiospring 1 200 IF(DM(4629,4630)-18.1728:0,0,-200*(DM(4629,4630)-18.1728)-0.1*VR(4629,4630))
Tibiospring 2 61 IF(DM(4631,4632)-25.536:0,0,-61*(DM(4631,4632)-25.536)-0.1*VR(4631,4632))  
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Appendix III: Bi-Linear ligament behavior  
 

 

 

The bi-linear behavior is essentially a nested “if” statement in the function expression, 

bottom.  This allows a simple test part (top left) to provide a slack, low-linear toe and high-

linear region across a range of displacements (top right). 
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Appendix VI: Muscle Inclusion  
 

 

 

 

Musculature modeled for peroneal longus and brevis, flexor hallucis longus, flexor 

digitorum longus and tibiailis posterior.  Wrapping at each bone level accomplished by a 

curved slider bar and slider shuttle.  Distal tendon segments given high stiffness’ to reflect 

the low elongation of these structures naturally. 
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