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Publication Year – Method Plot 

• Trends: from mass-spring systems to finite element methods 

• Tetrahedral elements are consistently improved 

• Hexahedral elements are recently advocated 
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Overview 

• Geometrically accurate separation can be supported by all 

spatial discretizations 

 

Tetrahedral,  
virtual node algorithm 

Quadrilateral,  
extended FEM 

Meshfree 

Polyhedral FEM Hexahedral FEM 
[Wicke et al 2007] [Dick et al 2011] 

[Sifakis et al 2007] [Kaufmann et al. 2009] [Steinemann et al 2011] 
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Overview 

• Tetrahedral discretizations are widely employed in virtual 

cutting in surgery simulators 

 

Ablating a polyp in a hysteroscopy simulator [Steinemann et al 2006] 

Simulation of a brain tumor resection [Courtecuisse et al 2014] 
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Overview 

• Tetrahedral discretizations are widely employed in virtual 

cutting in surgery simulators 

 

Needle insertion in a prostate 
brachytherapy simulator 

[Chentanez et al 2009] 

Real-time simulation of laparoscopic hepatectomy 

[Courtecuisse et al 2010] 



Physically-based Simulation of Cuts in Deformable Bodies: A Survey 

Overview 

• Hexahedral discretizations are recently demonstrated to 

provide a good balance between speed and accuracy 



Physically-based Simulation of Cuts in Deformable Bodies: A Survey 

Overview 

• Hexahedral discretizations are recently demonstrated to 

provide a good balance between speed and accuracy 

 

Virtual soft tissue cutting  
and shrinkage simulation 

[Wu et al 2012] 

Haptic-enabled virtual cutting  
of high-resolution soft tissues 

[Wu et al 2014] 
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Purposes of Application Study 

• Provide an estimation of the performance of virtual cutting 

• Identify performance bottlenecks in the simulation loop 

• Exam accuracy and performance of adaptive methods 

 

• Not an evaluation of all techniques 

• But a detailed analysis of our implementations of three 

variants of hexahedral finite elements 
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Experimental Setup 

• Linear elastic material, corotational strain formulation 

 

 

• Standard desktop PC 

– Intel Xeon X5560 processor  

(a single core was used) 

– 8 GB main memory 

• Haptic device 

– Sensable Phantom 

Premium 1.5 
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Three Variants 

• Basis 

– Geometry modeling: hexahedral elements 

– Surface reconstruction: dual contouring 

– Numerical solver: multigrid solver 

• Variants 

– FEs on a uniform hexahedral grid 

– FEs on an adaptive octree grid 

– Composite FEs on an adaptive octree grid 
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Model Information of Three Variants 

Uniform Adaptive Composite 
(2 levels) 

Coarse resolution 21×21×25 21×21×25 

Refined resolution 82×83×100 82×83×100 82×83×100 

# Cells (initial) 173 843 40 080 3 439 

# DOFs (initial) 566 493 129 162 13 557 

# Cells (added due to cut) 0 1 596 39 

# DOFs (added due to cut) 2 037 6 438 318 
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Simulation Results 

• Adaptive octree deformation resembles the uniform approach 

• Composite simulation results in a slightly stiffer deformation 

FEs on  
a uniform hexahedral grid 

FEs on  
an adaptive octree grid 

Composite FEs on  
an adaptive octree grid 
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Timings 

• Accurate cutting simulation can be performed at 2 seconds 

per frame, on a uniform 82×83×100 grid 

Uniform 
 

Octree subdivision (𝑡1) 0 

Surface meshing (𝑡2) 1.26 

FE matrices (𝑡3) 29.57 

Multigrid hierarchy (𝑡4) 40.34 

Solver (𝑡5) 2 033.09 

Simulation per cut (∑𝑖=1
5 𝑡𝑖) 2 104.26 

Uniform 
 

Coarse resolution 

Refined resolution 82×83×100 

# DOFs (initial) 566 493 

Timing  
in milliseconds 
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Timings 

• Numerical solver is the bottleneck in cutting simulation 

Uniform 
 

Octree subdivision (𝑡1) 0 

Surface meshing (𝑡2) 1.26 

FE matrices (𝑡3) 29.57 

Multigrid hierarchy (𝑡4) 40.34 

Solver (𝑡5) 2 033.09 

Simulation per cut (∑𝑖=1
5 𝑡𝑖) 2 104.26 

Uniform 
 

Coarse resolution 

Refined resolution 82×83×100 

# DOFs (initial) 566 493 

Timing  
in milliseconds 
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Timings 

• Adaptive octree improves the performance by a factor of 3.5 

Uniform Adaptive 
 

Octree subdivision (𝑡1) 0 13.29 

Surface meshing (𝑡2) 1.26 1.26 

FE matrices (𝑡3) 29.57 7.05 

Multigrid hierarchy (𝑡4) 40.34 10.09 

Solver (𝑡5) 2 033.09 581.66 

Simulation per cut (∑𝑖=1
5 𝑡𝑖) 2 104.26 613.35 

Uniform Adaptive 
 

Coarse resolution 21×21×25 

Refined resolution 82×83×100 82×83×100 

# DOFs (initial) 566 493 129 162 

Timing  
in milliseconds 
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Timings 

• Interactive cutting (12 fps) is possible on a 21×21×25 

composite simulation grid 

Uniform Adaptive Composite 
(2 levels) 

Octree subdivision (𝑡1) 0 13.29 13.39 

Surface meshing (𝑡2) 1.26 1.26 1.24 

FE matrices (𝑡3) 29.57 7.05 20.99 

Multigrid hierarchy (𝑡4) 40.34 10.09 2.06 

Solver (𝑡5) 2 033.09 581.66 40.61 

Simulation per cut (∑𝑖=1
5 𝑡𝑖) 2 104.26 613.35 78.29 

Uniform Adaptive Composite 
(2 levels) 

Coarse resolution 21×21×25 21×21×25 

Refined resolution 82×83×100 82×83×100 82×83×100 

# DOFs (initial) 566 493 129 162 13 557 

Timing  
in milliseconds 
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Timings 

• Solver, FE matrices, octree subdivision affect the performance 

in the composite approach 

Uniform Adaptive Composite 
(2 levels) 

Octree subdivision (𝑡1) 0 13.29 13.39 

Surface meshing (𝑡2) 1.26 1.26 1.24 

FE matrices (𝑡3) 29.57 7.05 20.99 

Multigrid hierarchy (𝑡4) 40.34 10.09 2.06 

Solver (𝑡5) 2 033.09 581.66 40.61 

Simulation per cut (∑𝑖=1
5 𝑡𝑖) 2 104.26 613.35 78.29 

Uniform Adaptive Composite 
(2 levels) 

Coarse resolution 21×21×25 21×21×25 

Refined resolution 82×83×100 82×83×100 82×83×100 

# DOFs (initial) 566 493 129 162 13 557 

Timing  
in milliseconds 
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Timings 

• Time of surface meshing is negligible 

Uniform Adaptive Composite 
(2 levels) 

Octree subdivision (𝑡1) 0 13.29 13.39 

Surface meshing (𝑡2) 1.26 1.26 1.24 

FE matrices (𝑡3) 29.57 7.05 20.99 

Multigrid hierarchy (𝑡4) 40.34 10.09 2.06 

Solver (𝑡5) 2 033.09 581.66 40.61 

Simulation per cut (∑𝑖=1
5 𝑡𝑖) 2 104.26 613.35 78.29 

Uniform Adaptive Composite 
(2 levels) 

Coarse resolution 21×21×25 21×21×25 

Refined resolution 82×83×100 82×83×100 82×83×100 

# DOFs (initial) 566 493 129 162 13 557 

Timing  
in milliseconds 


