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Introduction & Motivation — The Ankle Complex

Talus bone

[3]

ANYBODY" |,

TECHNOLOGY

1. AnyBody Technology
2.  https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork d_oilnd ooln

m zZuric h 3.  https://commons.wikimedia.org/wiki/File:Left_Talus_bone_-_animation03.gif Khalifa University 22.12.2025 2


https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork
https://www.sciencephoto.com/media/581036/view/ankle-joint-anatomy-artwork

Introduction & Motivation — Talar AVN and Treatments

[5]
60% of talus " No tendinous
surface covered attachment on
by cartilage talus
Avascular
necrosis

Total talus

Ankle replacement
arthrodesis (TTR)
- Decreased function!?] - Long waiting time [4]

- High rates of non-union®! [4]

- High rates of re-operation

High production costs

[3] Need for contralateral talus

[6]

Sugimoto et al. (2005). Arthroscopy. 2005 Apr;21(4):401-4. doi: 10.1016/j.arthro.2004.12.005. PMID: 15800518.

Bowes et al. Front Surg. 2019 Nov 19;6:63. doi: 10.3389/fsurg.2019.00063. PMID: 31803752; PMCID: PMC6877655.

Gross et al. (2014). Foot Ankle Spec. 2014;7(5):387-397. .

Trovato et al. (2017). Foot Ankle Surg. 2017 Jun;23(2):89-94. d_oilnd _ooln

Weber, J.S. (2019). Surgical Management of Talar Avascular Necrosis. Essential Foot and Ankle Surgical Techniques. Springer. Khalifa University 22.12.2025
Tracey et al. (2018), "Custom 3D-Printed Total Talar Prostheses Restore Normal Joint Anatomy Throughout the Hindfoot®.

ETHzirich

ook wN~



Introduction & Motivation — Universal TTR

CoCr: Chobalt-chromium
PCU: Polycarbonate-urethane

Size Numbe

PCU-coated

CT sBefergnce Talus 3 positions CoCr Implant ‘

[ CoCr Implant

1. Trovato et al. (2017). Foot Ankle Surg. 2017 Jun;23(2):89-94. i alsd_aols

ETHZ(irich 2 Lluetal (2022). Med Biol Eng Comput. 2022 Apr;60(4):1139-1158. Epub 2022 Mar 2. e
uricn 5 eal (2023). J Mech Behav Biomed Mater. 2022 Jan:125:104936.. Epub 2021 Oct 28. Khalifa University 22.12.2025 4



Introduction & Motivation — Simulation Scenario

Static Approximative
simulation load and BCs

|

/ Biological talus x
: " Physiological
scenario

——> Kinematics
Calcaneus —— Kinetics

DMAMHINIITINan

ETH:zirich Khalifa University

22.12.2025
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Introduction & Motivation — Literature, Static Models

90%
10% @

l

<— Loading

Fixed Boundary
Condition

Static Approximative
simulation load and BCs

Frictionless
<« Interactions

[2]

Physiological
scenario

[4]

Fixed surfaces

——> Kinematics
——> Kinetics

1. Alonso-Rasgado et al. Journal of Foot and Ankle Research (2017) 10:13 DOI 10.1186/s13047-017-0194-5
. 2. Ying et al. Journal of Orthopaedic Surgery and Research https:/doi.org/10.1186/s13018-023-04432-x d_oilnd ooln
E"qurlch 3, Mondal S, Ghosh R. Proceedings of the Institution of Mechanical Engineers, Part H. 2019;233(3):318-331. doi:10.1177/0954411918823811 Khalifa University 22.12.2025
4. M.H. Ramlee et al. / Medical Engineering & Physics 36 (2014) 1358—1366. DOI: 10.1016/j.medengphy.2014.07.001


https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1186/s13018-023-04432-x
https://doi.org/10.1177/0954411918823811

Introduction & Motivation — Literature, Dynamic Models

Initial position & orientation

Extrinsic
foot muscle
force

Ankle joint
reaction force

! Frictional ta
Contact :v

................

GROUND

(Deformable solid) %

Fixed at all DOFs

E'HZUI‘ICh 1. Benemerito et al. 2020, Proc IMechE Part H: J Engineering in Medicine 234(5)
2. T.L.-W. Chen et al./Journal of Biomechanics 83 (2019) 260-272

Talocrural joint

only

No contact

mechanics

-

Y

.

characteristics

~

Contact

A

in the whole
ankle complex

)

i buln d L5
Khalifa University

22.12.2025



Aim of the Study & Research Question

-

@

~

Develop a high-fidelity dynamic FE model

of the ankle complex

J

-

Simulate contact characteristics in the ankle
@ joints during the stance phase of gait
\

~

J

ETHzirich

-

U

&

Investigate the performance of the

niversal talus implant, with and without

PCU coating

~

J

VLY =
Khalifa University

22.12.2025
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General Pipeline — Combined MSK-FE Approach

Motion
Capture

ETHzirich

W

MSK
Simulation

Moment

Kim et al. (2025) PLoS ONE 20(1): e0317933.

Liu et al (2024). Med Biol Eng Comput. 2024 May;62(5):1395-1407.

Yao et al. (2019). BioMed Eng OnlLine,18, 89 (2019).

4
—Mx
2 My
0
2
2F
1
4t oft
5 Ak
8 2,
-10 Y
a2t T,
-14 5
o
]
7
0
0=
™~
-10
16
-20
14
-30
— 12
a0 f
&
10
s0F
wof ~ "\
70 6

JRMs, shank acting on talus

JRFs, shank acting on talus
—Fx -
A T
20 Ankle Dorsiflexion
Dorsi/Plantar (+/-)
15 \
510
\
%5
of

Kinematics &

Kinetics

Hafez et al. (2023). Frontiers in Bioengineering and Biotechnology 11 (August 2023).

Load-BCs
FE Simulation

239E+01
2.125E+01
1.860E+01
1.594E+01
1.328E+01
1.063E+01
7.969E+00
5.313E+00
2.656E+00
-1.663E-04

-] | -

2.088E+01
1.855€+01
1.623e+01
1391E+01
1.159€+01
9.272E+00
6.952E+00
4.631E+00
2.311E+00
-9.935€-03

)| | -

1.5526+01
1.379E+01
1.207e+01
1.0346+01
8.620E+00
6.896E+00
5.172E+00
3.448E+00
1.724E+00
0.000E+00

P,y | -

N

Khalifa University

Articular Contact

Analysis

22.12.2025 9




Requirements & Challenges

®

/ \

®-®

ETHzirich

-
MSK Ankle Complex

Precision All joints surrounding the talus need
~ to be modelled
-

FE Model Bone
Geometries Where to obtain the bone

- geometries to build the FE model?
-

Consistency Across
Domains

and FE model should be based on

- the same subject

|

{ Motion capture data, MSK model }

Khalifa University 22.12.2025
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Methods — MSK Model

Developed by AnyBody Tech\LnoIogy ‘ {’ .
with Glasgow Caledonian Uniyersity |
and University of Maastricht

Intrinsic
and
extrinsic
muscles

Works in combination with the] TLEM
2.1 lower extremity model.

All joints

Open source in GitHub modelled

Example applications availabl¢

- Al
GM Foot Model g
mzurich 1. Oosterwaal M, Carbes S, Telfer S et al (2016) The Glasgow-Maastricht foot model, evaluation of a 26 segment kinematic model of the foot. J G—Q-'J: 4 oola

Foot Ankle Res 9:19 Khalifa University 22.12.2025 11



Methods — MSK Model & Input Data

[ 1 Revolute: 1 DoF
B Spherical: 3 DoFs

Developed by AnyBody Technology
with Glasgow Caledonian University
and University of Maastricht

Works in combination with the TLEM
2.1 lower extremity model.

K hY

Dorsi-

. Inv-/eversion
/plantaflexion

_ _ Three rotations
Open source in GitHub

gm-foot / Application / Plug-in-gait_Simple / Input / (&

) toerholm and melund Update GM Foot model &3 baSag21- 5 yearsago L) History
Example applicati ilabl
Xample a ICations avallable ]

Name Last commit message S u b] ect (Ml)v:( date

- « H:1.80m
[ BareFootWalk-CoeffVec.txt Update GM Foot model ° W_ 76 k.‘gears ago
% [ BareFootWalk-PressureData.txt Update GM Foot model ) 5 years ago
[ BareFootwalk.c3d Update GM Foot model 5 years ago

o i ausd aoln
ETHzurich Khalifa University 22.12.2025 12



Specific Pipeline — Combined MSK-FE Approach

Gait Data MSK Simulation Bone Geometries

= | Model

D BareFootWalk-CoeffVec.txt

D BareFootWalk-PressureData.txt

D BareFootWalk.c3d

Kinematics & Kinetics === BCs & Loads

o i Ausd 2
ETH:urich Khalifa University 22.12.2025 13



Methods — MSK Simulation

| ®> Parameters Optimization

i G Inverse Kinematics
v, Nl (Markers tracking)

@> Inverse Dynamics
Simulation: t = 0.5948s (stance phase)

 Heel-strike to Toe-off

o & ful5d gols
ETH:urich Khalifa University ~ 22.12.2025



Methods — MSK Simulation Outcome

Talocrural
(Ti-Fi) Joint & & & \/.._U__ V,U d

W

Sublatar joint

(-
(-
(-
(-
-

Talopqvicular U U U ¢ ¢

joint _— == ]

W

U JRF: Force/moment of one bone acting on

—— the adjacent due to contact

¢ Kinematic rotation

o i du5d aoln
ETHzurich Khalifa University 22.12.2025 15



Methods — FE Model: Model Construction

/

- Bone geometries «  Holes filling «Split surf-node»
at time step O (heel- || « Smoothening Bone: S3
strike) exported as « Tibia & fibula Subchondral bone:
st sectioned S4
. Surface generation «3D_elem offset»
. Exported as .igs Cartilage: C3D8
* 4 layers (]
* 1.5mm
S4 size: 0.4mm
S3 size: up to 2mm
\ Exported as .inp
ETHZ(irich 1 Luetal (2022). Med Biol Eng Comput. 2022 Apr;60(4):1139-1158. Epub 2022 Mar 2.
2. Liuetal (2023). J Mech Behav Biomed Mater. 2022 Jan;125:104936.. Epub 2021 Oct 28.
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Khalifa University ~ 22.12.2025
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Methods — FE Model: Model Construction

-

Bone geometries
at time step 0 (heel-
strike) exported as
stl

4 Surfaces Edit N\

Holes filling
Smoothening

Tibia & fibula
sectioned
Surface generation
Exported as .igs

HyperMesh

-

e \
J &
| ' g
|

«Split surf-node»

Bone: S3 *
Subchondral bone: *
S4 *
«3D elem offset» *
Cartilage: C3D8 *

« 4 layers ] *

e 1.5mm *

S4 size: 0.4mm
S3 size: up to 2mm
Exported as .inp

Material properties
Contact definition
Shell thickness
Interactions
Constraints

BCs

Loads

Steps

J

ETHzirich

Liu et al. (2022). Med Biol Eng Comput. 2022 Apr;60(4):1139-1158. Epub 2022 Mar 2.

2. Liuetal. (2023). J Mech Behav Biomed Mater. 2022 Jan;125:104936.. Epub 2021 Oct 28.

i buln d L5
Khalifa University

22.12.2025
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Methods — FE Model: Talus Implant Size Selection

s
2

SR
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N R
& »""V#:o:, KR

S

0
o

R

O
I

AT TAV.
"AVAVAVATZ,
RO
SR :
RO 5y
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e
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alignment

: . 'u' :. I. . I:.
ZurICh Khalifa University 22.12.2025 18



. Two Implant Models

Methods — FE Model

)

PCU-
Implant |
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Liu et al. (2022). Med Biol Eng Comput. 2022 Apr;60(4):1139-1158. Epub 2022 Mar 2.
Liu et al. (2023). J Mech Behav Biomed Mater. 2022 Jan;125:104936.. Epub 2021 Oct 28.

1
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ETHzurich



Methods — FE Model: Material Properties & Model Set-up

e Cortical Bone and CoCr thickness: 1mm [€]
e Contact: Surface-to-surface

[Blologlcal Model \ ‘ CoCr Model \ [ PCU Model ]
—hdend 19). Proceedings of the Institution of M ‘ : - : : =348£331.

4
2. Brown et al. (2009). Proc. Inst. Mech. Eng. H, 223 (2009), pp. 643-652.
3. Al Jabbari (2014). J. Adv. Prosthodont., 6 (2014), pp. 138-145. L
ETHz(irich 4. DSM Corp (2021). https://www.dsm.com/corporate/home.html d—ails doola
ZUrICN 5. Erpulut et al (2021). Journal of Biomechanical Engineering, Vol. 143 / 101006-1 Khalifa University 22.12.2025 21
6. Liuetal. (2023). J Mech Behav Biomed Mater. 2022 Jan;125:104936.. Epub 2021 Oct 28.


https://www.dsm.com/corporate/home.html

Methods — FE Simulation: BCs & Loads

Anteriar

, point Translations
¥ Anterior (+) / Posterior (-)

a Rotations

Flexion (+) / Extension (-)
deg

40 \

20
0 / '4 Lateral sbde Aledial sicle
0 20 40 60 80 100 0 20 40 60 80 100
Stance phase (%) Stance phase (%)
Internal (-) / External (+) Medial (-) / Lateral (+) Axial force (XBW)
deg mm
2 : 1.6
4 / 1.2
/ ’
0 / 0.8
B, 1
0.4
0 20 40 60 80 100 0O 20 40 60 80 100 S AT A RT Thi
Stance phase (%) | Stance phase (%) Stance phase (%) 1]
2 X
ETH ZUrich e e o e o tcal Engiecrig, 162, 141152,

22.12.2025
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Methods — FE Simulation: BCs & Loads

mmm [3|ocrural 'oint_ _—
mmm Sy btalar jc ‘"

4{ Reference ]
Points

Talonavicular kinematics JRFs, talonavicular forces

N
mm== Talopravicular joint o ,
o ——Inv-/Eversion (+/-)
- - - Add-/Abduction (+/-) , 1 ;
---------- Dorsi-/Plantaflexion (+/-) ! T EL bl I

Angle (degrees)

40 60 80 100 0 20 40 60 80 100
% of Stance % of Stance

0
§-0.02-
[an}
5004
z
2006
g
=
-0.08 My
, ---My
-0.1 : ‘ :
AR o 0 20 40 60 80 100
= " \ % of Stance
[ Encastre ] | Simulation: 0-83% stance phase

ETH:zirich Khalifa University



Methods — FE Model: Steps

Step 1
0.1s

Step 2
0.1s

Step3
0.5948 s

ETHzirich

Initial loads applied («smooth-step» from 0 to initial value) for all DoFs )
controlled by forces/moments.

Remaining DoFs constrained to maintain predefined kinematic

variables constant until the beginning of gait. D

All loads maintained at initial condition (values reached in step 1)
Kinematics still constrained as in step 1

)

~

Joint kinematics and JRFs applied as time-dependent BCs and Loads
«smooth-step» function between time steps

)

Solver: Dynamic Explicit

Khalifa University 22.12.2025
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Results — Biological Model Simulation
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Results — Contact Patterns

83%

0%

% Stance Phase
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Results — Models Validation

MSK Model FE Model

A B

8 Relsultant ContaFt Forces in thF talocrural j(?int 1400 Contact area in the talocrural joint

Current study
Current study
7 £|= = = Valente et al. (2014) - = —Liuetal. (2024)
1200

6
< <
D s = 1000
z =
= : 800
:
z3 z
& £ 600

2 - !

1
] 400 |
OO 2|O 46 6‘0 86 200 I I I |
. 10 20 30 40 50
% of Stance % of Gait cycle
o i_aund ool

ETH:urich Khalifa University ~ 22.12.2025 27




Results & Discussion — Contact Patterns

Biological talus model CoCr-Implant model PCU-Implant model

]
g\

\ Pr
] p
A
D

83% of stance

CPRESS

+1.323e+01
+1.213e+01
+1.103e+01
+9.924e+00
+8.821e+00
+7.719e+00
+6.616e+00
+5.513e+00
+4.411e+00
+3.308e+00
- +2.205e+00

+1.103e+00

+0.000e+00

Fibula

CPRESS

+3.587e+01
+3.288e+01
+2.989%e+01
+2.690e+01
+2.391e+01
+2.092e+01
+1.794e+01
+1.495e+01
+1.196e+01
+8.968e+00
+5.979e+00
+2.989%e+00
+0.000e+00

Tibia

E'HZUI“ICh Khalifa University 22.12.2025 28



Results & Discussion — Contact Patterns

Biological talus model CoCr-Implant model PCU-Implant model

83% of stance

CPRESS

+2.451e+01
+2.2466401
+2.042e+01
+1.838e+401
+1.634e+01
+1.429¢+01
+1.2256401
+1.021e+01
e
— +4+0. e+
+4.084e+00
+2.042e400
+0.000e+00

Calcaneus

CPRESS

+1.821e+01
+1.669e+01
+1.518e+01
+1.366e+01
+1.214e+01
+1.062e+01
+9.105e+00
+7.588e+00
+6.070e+00
+4.553e+00
+3.035e+00
+1.518e+00
+0.000e+00

Navicular

E'HZUI‘ICh Khalifa University 22.12.2025 29



Results & Discussion — Peak Contact Pressure
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Results & Discussion — Contact Area

Contact Area of fibular cartilage
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Results & Discussion — Comparison to Literature

Talocrural Dorsiflexion
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Results & Discussion — nRMSE Analysis

nRMSE of Implants vs Biological
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Results & Discussion — Summary

Contact pressure and area increase from heel-strike to
heel-rise

The fibula plays little role in the biological ankle from heel-
strike to flat-foot

The universal implant geometry partially replicates the
contact pattern on surrounding cartilages

In the talocrural joint, for the implant models, the fibula
transfer more load compared to the biological

CoCr-Implant resulted in the highest peak pressures and
smallest contact areas

The addition of a compliant PCU layer mitigates the
difference

o i Aund 2
ETH:urich Khalifa University 22.12.2025 34



Limitations & Outlook

1. Sample Size
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2. Cartilage definition

4. DoFs control

3. Soft tissues
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Conclusion & Take-home Message
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Thank You:

Co-authors: Stephen J. Ferguson,
Ahmed H. Hafez, Naod T. Mogos,
Tao Liu, Marwan EI-Rich
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OOOOOOOOOO

Foot Model Updates
Upcoming updates to AMMRA4

Q&A

OOOOOOOOOO



ANYBODY Outline Control Panel AnyBody Presentation

* Integration of Glasgow-Maastricht (GM) Foot model in AMMRA4
* Rigid foot
* Toe flexion model

 Full-blown detailed foot model

* GM Rigid foot becomes the new default foot for Twente Lower
Extremity Model (TLEM) leg model

e Option to go back to TLEM foot
* New class template to drive toe flexion model

AMMR4-Foot model

Q&A

OOOOOOOOOOO



ANYBODY Outline Control Panel AnyBody Presentation AMMR4-Foot model Q&.A

Merge of GM and TLEM foot

TLEM GM
¢ Complete leg model e&@ * Detailed geometry of foot
e Joint parameters O&Q\\&@ * Muscle parameters
. A .
e Extrinsic muscles * Intrinsic foot muscles

e

TLEM GM morphed to TLEM




Control Pane

Variants of GM

Rigid foot model (default):
* 2 segments
* Talus +rigid part

Outline

Rigid foot with toe flexion:
« 3 segments (technically 7!)
* Talus + rigid part + linked toe flexion

* Improved fidelity of foot motion in mocap
trials - even without toe tip marker!

Detailed foot model:
* 26 segments
 Full blown model for research

AnyBody Presentation

AMMR4-Foot model Q&A

—00t mode

)
Rigid Foot
ANYBODY
°
Toe Flexion

ANYBODY



ANYBODY Outline Control Panel AnyBody Presentation AMMR4-Foot model Q&A

How to work with GM Foot

Early access to AMMR 4 - Beta on GitHub

* Migration guide

Foot model documentation page

Foot model configuration switches.

Application examples:
* BVH toe flexion
* C3D toe flexion

* Full-blown detailed GM foot mocap example

Class template for driving toe flexion without toe tip marker.


https://github.com/AnyBody/AMMR4-Beta
https://anyscript.org/AMMR4-Beta/beta/migration3to4.html
https://anyscript.org/AMMR4-Beta/beta/migration3to4.html
https://anyscript.org/AMMR4-Beta/beta/body/glasgow_maastricht_foot_model.html
https://anyscript.org/AMMR4-Beta/beta/bm_config/foot.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Mocap/BVH_ToeFlex.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Mocap/BVH_ToeFlex.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Mocap/Plug-in-gait_Simple_ToeFlexion.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Mocap/Plug-in-gait_Simple_ToeFlexion.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Beta/Plug-in-gait_Simple_DetailedFootGM.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Beta/Plug-in-gait_Simple_DetailedFootGM.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Beta/Plug-in-gait_Simple_DetailedFootGM.html
https://anyscript.org/AMMR4-Beta/beta/Applications/Beta/Plug-in-gait_Simple_DetailedFootGM.html
https://anyscript.org/AMMR4-Beta/beta/tools/class-templates/Utilities.Kinematic%20limits.RotationPenetrationCombiDriver_template.html
https://anyscript.org/AMMR4-Beta/beta/tools/class-templates/Utilities.Kinematic%20limits.RotationPenetrationCombiDriver_template.html

ANYBoDY Outline Control Panel AnyBody Presentation AMMRA4-Foot model Q&A

TECHNOLOGY

Thank you for your

Q U e Stl O ﬂ S attention!

* Send email to sales@anybodytech.com

* Send email to sales@anybodytech.com

* Send email to dsc@anybodytech.com
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