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Why musculoskeletal modeling
• Assess musculoskeletal biomechanics

• in vivo, non invasively, under physiological loading
• potential for diagnostics and pre-planning



Outline
• Development and validation of a subject-specific model of TKA
• Techniques to accelerate the computation of contact mechanics
• Applications

• effect of different surgical techniques in TKA
• effect of sagittal alignment in TKA
• patellofemoral mechanics in trochlear dysplasia



Total knee arthroplasty
• Successful orthopaedic procedure: reliefs pain, restores knee function
• Yet 20 % dissatisfaction



Patient-specific TKA model
• FDK knee model includes muscles, ligaments, articular contact surfaces



Patient-specific TKA model
• Validation

Fregly and D’Lima¹

¹Fregly, B. J., Besier, T. F., Lloyd, D. G., Delp, S. L., Banks, S. A., Pandy, M. G. and D'Lima, D. D. (2012), Grand 
challenge competition to predict in vivo knee loads. J. Orthop. Res., 30: 503–513. doi:10.1002/jor.22023



Patient-specific TKA model
• Analysis workflow



Patient-specific TKA model
More details…

AnyBody Webcast 9 Sep 2014
by Dr. M. Skipper Andersen



Surrogate contact modeling
• Calculation of joint contact forces is time-intensive

• time spent on closest-point algorithm

• Can we use a surrogate contact model instead?

POSITION ? LOADS



Surrogate contact modeling

Sampling Training & Testing Deploy Evaluation

C++ DLL/
AnyBody
class template

MATLAB Neural Network ToolboxAnyBody



Results
• Accuracy of tibiofemoral forces



Results
• Computation time

Reference 
model

Surrogate
model

Acceleration

Overground gait 13.6 min 4.5 min 3.0×

Right-turn gait 22.7 min 7.3 min 3.1×

Chair-rising 70.3 min 27.2 min 2.6×

Squat 96.4 min 38.5 min 2.5×



Discussion
• 3× faster FDK analysis w/ surrogate model
• As accurate as reference model



Clinical applications
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Clinical applications
• Sagittal alignment

Femoral component flexion

Tibial slope



Tibial slope
• Insufficient tibia slope often results in tight flexion gap
• What is the effect of increasing slope on flexion gap?

Post-op resection



Tibial slope
• Patient-specific TKA model

Marra, M.A., Strzelczak, M., Heesterbeek, P.J.C. et al. Knee Surg Sports Traumatol Arthrosc (2017). 
https://doi.org/10.1007/s00167-017-4561-3



Tibial slope
• Parametric study

ACR: Anterior tibial cortex-referencing CPR: Centre of tibial plateau-referencing

Marra, M.A., Strzelczak, M., Heesterbeek, P.J.C. et al. Knee Surg Sports Traumatol Arthrosc (2017). 
https://doi.org/10.1007/s00167-017-4561-3



Tibial slope
• Laxity tests 0°-90° knee flexion (A-P 70 N, V-V 15 Nm)

No slope +9° CPR



Results
CPRACR



Tibial slope
• FDK analysis of squat¹

¹Fregly, B. J., Besier, T. F., Lloyd, D. G., Delp, S. L., Banks, S. A., Pandy, M. G. and D'Lima, D. D. (2012), Grand 
challenge competition to predict in vivo knee loads. J. Orthop. Res., 30: 503–513. doi:10.1002/jor.22023



Results
• Ligament forces

CPRACR



Results
• Kinematics



Results
• Kinematics



Results
• Knee loads

+9° ACR +9° CPR



Results
• Knee loads



Discussion
• Large effects of tibial slope with ACR on laxity and kinematics
• Higher slope with CPR is more stable and reduces PF loads more
• Tibial slope better planned in advance with CPR



Femoral component flexion
• A small femoral component may result in anterior notching
• Can we flex the component to prevent it? What are the effects?

notching

Size 4
FFC 0°



Femoral component flexion
• A small femoral component may result in anterior notching
• Can we flex the component to prevent it? What are the effects?

Size 4
FFC +6°



Femoral component flexion
• Parametric study (size + flexion)



Femoral component flexion
• FDK analysis of chair-rising¹

¹Fregly, B. J., Besier, T. F., Lloyd, D. G., Delp, S. L., Banks, S. A., Pandy, M. G. and D'Lima, D. D. (2012), Grand 
challenge competition to predict in vivo knee loads. J. Orthop. Res., 30: 503–513. doi:10.1002/jor.22023



Femoral component flexion



Results
• Ligament forces



Results
• Knee loads

Quadriceps                         Quadriceps-femur Patellofemoral



Discussion
• More flexion leads better quadriceps-femur load sharing

• less stress on the patellofemoral joint  less pain
• Down-sizing + flexing ≈ up-sized no flexion w/o anterior notching!



General limitations
• One cruciate-retaining TKA design only
• Does not account for anatomical variability



Patellofemoral instability
• Epidemiology

• 20.000 per year in US
• 69% in age 10-19

• Risk factors
• Trochlear dysplasia (TD)
• MPFL laxity
• VMO Deficiency
• Patella Alta
• Increased Q-angle

Dejour & Saggin



Specimen-specific model

TLEM 2.0

Cadaver (MRI)

Morphing

Registration

Cadaver (CT)

PF cartilage 
pressure

PF kinematics

FDK analysis



Specimen-specific model
Tibiofemoral joint
• 5 DoFs FDK + 1 DoF driven (F/E)

Patellofemoral joint
• 6 DoFs FDK

4 Contact pairs:
• ACTibiaMed-ACFemur
• ACTibiaLat-ACFemur
• ACPatella-ACFemur
• ACPatella-FEmur



Articular contact model
• Elastic foundation (EF) theory

Material parameters

Poisson’s ratio
Young modulus

normal surface stress
normal surface displacement

Geometrical parameters

surface thickness

normal surface strain

L. Blankevoort, J.H. Kuiper, R. Huiskes, H.J. Grootenboer (1991), Articular contact in a three-
dimensional model of the knee, Journal of Biomechanics, Volume 24, Issue 11, 1019-1031, 
https://doi.org/10.1016/0021-9290(91)90019-J



Proof of concept
• Example: tibial insert in contact with femoral component

Master surface

Slave surface

Contact interface



Proof of concept

Master
• Compute thickness 

• Compute area

Slave • Build AABB tree

Distance 
query

Contact 
pressures

Net contact 
forces

A

Load-time Run-time

න𝜎𝑛 ⅆ𝐴

F

• Implemented using AABB Tree
• 3D Fast Intersection and Distance Computation





TypeA TypeB

TypeC TypeD

Trochlear dysplasia model

DeJour, D., & Saggin, P. (2010). The sulcus deepening trochleoplasty—the Lyon’s procedure. International Orthopaedics, 34(2), 
311–316. http://doi.org/10.1007/s00264-009-0933-8



Methods
• Leg extension (90°-0°)

• Contact parameters

• E = 10 Mpa

• ν = 0.45

• Cases
• Healthy
• TD type A, B, C, D





Patellofemoral kinematics

Healthy

TD



Patellofemoral contact pressure

30°

0°

Healthy TypeA TypeB TypeC TypeD



Discussion
• PF cartilage pressure is sensitive to TD type
• Efficient EF model for cartilage contact

• Limitations
• Synthetic TD models
• Viscoelastic behaviors neglected

• Future work
• validate PF kinematics using 4D-CT
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