
ABSTRACT 

LIN, SHIYONG. Heterogeneous Deformable Object Modeling for Medical Surgical 
Simulation and Collaborative Product Development with Haptic Interfaces. (Under the 
direction of Dr. Yuan-Shin Lee and Dr. Roger Narayan.) 
 

This research focuses on the investigation of heterogeneous deformable object 

modeling, physically based simulation, haptic force rendering and collaborative techniques 

for medical surgical simulation, virtual prototyping and collaborative product development.  

Heterogeneous deformable models can be used to present internal geometric 

structures and different material properties of biological tissues and other soft-material 

objects for many Virtual Reality (VR) systems like surgical simulators. Cutting simulation is 

an important component of VR systems to modify the topology of deformable models. In this 

paper, a tri-ray node snapping algorithm is presented to generate volumetric heterogeneous 

mass spring models from a set of interface surfaces between different materials of 

deformable objects. A constrained local static integration method is proposed to quickly find 

the equilibrium solution of physically-based deformation behaviors. A 3D node snapping 

algorithm is developed to implement the topology modification on heterogeneous deformable 

models. Smooth cut is generated directly by duplicating and displacing mass points that are 

snapped along cutting planes. Sets of triangular surfaces representing different soft tissues 

are generated along the new cut to present internal geometric structures and corresponding 

material properties. A quasi-static algorithm is presented to refine the mesh in the vicinity of 

new cuts. A lab-built 6-DOF (degree of freedom) input and 5-DOF output haptic interface 

system is integrated with the developed system to provide force-torque feedback to users.  

The marriage of network collaborative technology and the proposed deformable 

object modeling and simulation techniques has a great potential for more extensive 

applications. Challenges such as heavy computation and data synchronization exist when 

integrating heterogeneous deformable object models and haptic interfaces with collaborative 

VR systems. To balance the computational burden of haptic rendering and deformable object 

simulation, a hybrid network architecture is proposed in this paper. An adaptive artificial 

time compensation method is developed for the collaborative haptic VR system to reduce the 

time discrepancy between the server and the clients. Interpolation and extrapolation 



approaches by Verlet integration are used to synchronize graphic and haptic data transmitted 

over the network.  

The results show that the presented heterogeneous deformable modeling, haptic 

rendering and collaborative techniques can be used in medical simulation, product design and 

manufacturing, virtual prototyping, computer games and collaborative VR applications with 

enhanced visual and tactile virtual environments.  
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Chapter 1 

Introduction 
 

1.1 Motivation  

Deformable objects have received increasing attention due to their importance in a 

variety of Virtual Reality (VR) applications. Most existing deformable objects like biological 

soft tissues consist of heterogeneous materials with complex internal geometric structures. 

Modeling and simulation of heterogeneous deformable objects can greatly enhance the 

realism and fidelity of VR systems such as surgical simulation and computer games [Sarni 

2004, Georgii 2005]. However, most researches on deformable object modeling assume 

homogeneous material property and ignore the variance of the internal geometric structures 

[Basdogan 2004]. Homogeneous deformable models are acceptable for some simple 

applications where accurate simulation results are not required. However, in the applications 

demanding high realism and fidelity, deformable object models should contain accurate 

internal geometric structures and proper material properties. Surgical simulation is such a 

case that heterogeneous soft tissue models are of great importance to differentiate healthy 

soft tissues such as skin, fat tissues, muscles, vessels or nerves, from unhealthy ones.  

In many VR systems, new deformable models often need to be generated efficiently 

for different objects. For example in surgical simulation, patient-specific models of soft 

tissues are usually required for the presurgical rehearsal and the postsurgical analysis. 

Current virtual simulation systems lack the flexibility of creating new deformable models. To 

generate heterogeneous deformable models, internal geometric structures and material 

properties need to be incorporated. This makes it a more challenging task than generating 

homogeneous deformable models.  

Medical cutting simulation is often used to modify the topology of deformable objects 

in VR applications. Current medical cutting techniques are mainly aimed at generating cuts 

on surface or homogeneous volumetric deformable models. It is difficult for these 



2 

approaches to generate realistic cuts that can show internal geometric structures and material 

properties of heterogeneous models. 3D cutting techniques on the heterogeneous deformable 

models is required to generate realistic cuts and simulate realistic cutting operations.  

 With the rapid progress of haptics technology, traditional visual-only VR systems 

have been gradually shifted to haptic based VR systems, e.g. haptic virtual sculpting systems 

and surgical simulators. Users can interact with virtual objects in virtual environments via 

haptic interfaces. Haptic interfaces facilitate the implementation of high-fidelity VR 

environments for users, by providing them with tactile senses. The main issue of integrating 

haptic interfaces into virtual environments is to generate realistic force/torque feedback. 

Material properties such as stiffness and roughness play a critical role in generating proper 

force/torque feedback during tool-object interaction. Heterogeneous deformable models that 

incorporate appropriate material properties proposed can be utilized to calculate accurate 

force/torque feedback.  

 The advent of network communication technology has brought VR applications to a 

new horizon. Collaborative VR systems has been used in computer games, design and 

manufacturing. Haptic-based collaborative VR systems with deformable models have great 

potential in remote surgery training/operation, tele-robotics and other tele-applications. 

Research on integration and control of haptic interfaces and deformable models in 

collaborative virtual environments is still in its infancy. Network synchronization and 

intensive computation caused by haptic rendering and deformable object simulation are the 

main challenges to be addressed.   

1.2 Research objectives  

The objective of this research is to investigate and develop modeling, simulation and 

communication techniques for soft material (especially biological soft tissues) modeling, 

medical simulation, product design and virtual prototyping, and collaborative VR systems via 

haptic interfaces. Several research issues are addressed in this paper:  

1. Heterogeneous deformable object modeling and physically based simulation: A 

tri-ray node snapping algorithm is proposed to generate heterogeneous 
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deformable object models from a set of interface surfaces between different 

materials. Interface surfaces are explicitly preserved in the deformable models. 

These interface surfaces can be used to differentiate different materials. A 

constrained local static integration method is presented for physically based 

deformation simulation. This static method is efficient and stable for real-time 

VR applications.  

2. Haptic force analysis for heterogeneous deformable modeling: A lab-built haptic 

interface is studied and its controller system is developed. This haptic interface is 

utilized to provide force feedback to users. A comprehensive force model is 

introduced to analyze response forces during the tool-object interaction.  

3. Topology modification and mesh relaxation for cutting simulation on 

heterogeneous deformable objects: A 3D cutting algorithm is proposed to 

generate realistic cuts on heterogeneous deformable objects. Internal geometric 

structures and material properties are presented at the cut site. After the cutting 

operation, mesh relaxation is needed to refine the modified mesh. A quasi-static 

algorithm is presented to achieve quick and accurate results of mesh refinement.  

4. Network architecture and data synchronization for collaborative haptic VR 

systems: A hybrid client/server architecture is proposed to balance the 

computational burden brought by haptic rendering and deformable object 

simulation. Data synchronization problems during network communication are 

identified and addressed.  

 The marriage of heterogeneous deformable objects, haptic interfaces and 

collaborative technique has brought opportunities as well as challenges into the arena of VR. 

We hope our research can contribute to the VR research area and trigger more interesting and 

significant research and applications in the future.  

1.3 Dissertation Organization  

The remaining sections of the paper are organized as follows:  
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Chapter 2 discusses the literature review on current work of heterogeneous 

deformable object modeling, physically based simulation, haptic force rendering and medical 

cutting techniques. 

 Chapter 3 presents techniques of generating volumetric heterogeneous mass spring 

models. Real-time physical simulation of heterogeneous deformable objects is solved by a 

proposed constrained local static integration method.  

 Chapter 4 introduces a lab-built haptic interface and its controller development. 

Response forces and haptic rendering between the haptic tool and deformable objects are 

analyzed using the proposed force model.  

 Chapter 5 describes the medical cutting techniques on volumetric heterogeneous 

deformable models. Realistic cuts are generated to display internal structures and material 

properties.  

 Chapter 6 describes the challenges of integrating deformable modeling and haptic 

interfaces into collaborative VR applications. A system architecture and data synchronization 

techniques are presented to address the problems.  

 Chapter 7 presents system implementations and results by using the proposed 

techniques.  

 Chapter 8 provides the conclusions and future research. 
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Chapter 2 

Literature Review 

 
 In this chapter, we review the issues and previous work related to deformable object 

modeling, physically based simulation, haptic force analysis, cutting techniques and network 

collaborative techniques on deformable models. These research issues will be further 

explored and referred frequently in the following chapters.   

2.1 Deformable object modeling and simulation 

With the rapid progress made in modeling and simulation area, increasingly high 

levels of realism are demanded by Virtual Reality (VR) applications. More complex virtual 

object models with complicated geometry and physical properties are required in the virtual 

environments. Physically-based deformable modeling and simulation are of growing interest 

in the fields such as medical training, entertainment industry, design and manufacturing 

industry [Al-khalifah 2004, Akagi 2006, Dewaele 2004, Lin 2007b]. Well-developed 

deformable object modeling and simulation techniques can enhance the realism and fidelity 

of virtual environments and open up more applications. This section is a brief review of 

deformable object modeling and simulation techniques.  

2.1.1 Deformable object modeling methods 

According to the principle of deforming virtual objects, deformable object modeling 

methods can be categorized into geometric methods or physically based methods [Basdogan 

2002]. In geometric methods, the objects or the surrounding space is manipulated or 

deformed based on geometric parameters and constraints. For example, a user can manipulate 

vertices or control points of the surface of a virtual object to modify its shape. Physically-

based models apply physical principles to simulate realistic physical behaviors of deformable 

objects that would be difficult or impossible to model by purely geometric modeling 

techniques [Gibson 1997]. Material properties, external forces, geometric and physical 



6 

constraints are applied together for physically based modeling. Physically-based modeling 

methods are preferred to simulate realistic deformable objects in virtual environments.  

P1

P4

P3P2
 

Figure 2.1 Example of a Finite Element Model and its elements 

 

In general, there are several physically based modeling methods such as linked 

volume model, Mass Spring Model, Finite Element Model (FEM) and Boundary Element 

Model (BEM) [Al-khalifah 2004, Meier 2005]. Among these methods, Mass Spring Model 

and Finite Element Model are most commonly used. As shown in Figure 2.1, Finite Element 

Model is based on the continuum mechanics over small elements of the whole object 

[Nienhuys 2003, Delingette 2005]. Although it is an accurate and robust method, the 

computational cost is too high for real-time simulation of deformable objects. Mass Spring 

Model consists of discrete mass points connected by springs [Bielser 2003, Mohr 2003, 

Mollemans 2003]. An example of a Mass Spring Model is shown in Figure 2.2. Mass Spring 

Model is less accurate than FEM. Its computational efficiency makes it popular in modeling 

deformable objects for real-time applications. In addition, Mass Spring Model is capable of 

simulating dynamical behaviors of deformable objects, as well as large deformation often 

occurring in some applications like surgical simulation. On the contrary, FEM normally 

assumes small deformation of deformable objects. In this paper, our heterogeneous 

deformable object model is developed based on Mass Spring model.  
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Figure 2.2 Example of a Mass Spring Model [Gibson 1997] 

 

Recently, realistic material properties including nonlinear elasticity, anisotropy and 

heterogeneity have been used to model some complicated deformable objects such as 

biological soft tissues. Nonlinear elasticity of soft tissue was modeled by nonlinear strain 

tensor formulation in FEM [Mendoza 2003] or nonlinear spring coefficients in Mass Spring 

Model [Mohr 2003]. Some innovative research on anisotropic modeling was reported in 

[Bourguignon 2000, Picinbono 2003]. But heterogeneous deformable object modeling is 

seldom explored. This is the main issue that will be addressed in this paper. 

2.1.2 Generation of deformable object models 

Deformable model generation is a process of discretizing volumetric objects into 

mass points and springs in Mass Spring Model (Figure 2.2) or small elements in Finite 

Element Model (Figure 2.1). Most simulation systems used mesh generation approaches of 

Finite Element Analysis (FEA) to generate small elements such as tetrahedra or hexahedra 

for Finite Element Model [Meier 2005]. Mass Spring models are usually generated from 

these tetrahedra or hexahedra by taking their vertices as mass points and the edges as springs 

[Mollemans 2003]. However, deformable models generated by these approaches are mostly 

homogeneous. It is desirable to develop some techniques of generating heterogeneous 

deformable object models with the internal structures and various material properties.  
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2.1.3 Solving the equilibrium of mass spring system 

Deformable objects are usually modeled as dynamic systems, which are governed by 

a set of second-order Ordinary Differential Equations (ODE). A variety of numerical 

integration schemes are available to solve these Ordinary Differential Equations, such as 

explicit Euler method, 4th-order Runge-Kutta method and Verlet method [Gibson 1997, 

Bielser 1999, Sørensen 2006]. Explicit Euler method can achieve fastest computation with 

the error of O(h2), where h is the numerical integration time step. A small h is required by 

explicit Euler method to maintain the numerical stability of the system. Runge-Kutta method 

has good stability and accuracy with the error of O(h5), but it is computationally expensive. 

All these numerical integration schemes suffer the same problem of slow convergence to 

system equilibrium, since each mass point may oscillate around its equilibrium position for a 

few times. A large h can speed up the convergence but may bring the system instability. 

2.2 Topology modification and mesh relaxation for cutting simulation 

Cutting is a common operation existing in surgical simulation, garment design, virtual 

prototyping. Cutting techniques have been developed aiming at cutting simulation on surface 

deformable models and volumetric deformable models [Bruyns 2002a]. Surface based 

models are relatively easy for mesh topology modification. Groove or gutter is often created 

along the cutting path to hide the inside empty space and give the “realistic” illusion of 

volumetric results [Lim 2004, Zhang 2004]. Surface based cutting techniques are not 

applicable for volumetric deformable models. For instance, internal geometric and material 

information exposed at the cut site are important for surgical simulation. Cutting techniques 

on volumetric deformable models are often implemented by tetrahedral subdivision along the 

cutting path [Bielser 2000]. However, these techniques were developed solely for 

homogeneous deformable objects. They cannot be used to show different soft tissues around 

the cut site as often observed in real surgery. In this paper, we will develop cutting 

techniques for heterogeneous deformable objects to present realistic cuts.  
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2.2.1 Topology modification approaches 

During the cutting operation, the cut is generated along the cutting path and model 

topology is modified accordingly in the vicinity of the cut site. Four types of topological 

modification approaches have been often used, e.g. element removal, mesh subdivision, mesh 

adaptation and hybrid methods. Figure 2.3 gives the illustrative diagram of these methods on 

triangular surface meshes.  

 

Cutting pathMass point Spring
Removed triangles

New mass point Snapped mass point

(a) Original mass spring model

(d) Mesh adaptation(c) Mesh subdivision

(b) Element removal

 
 

Figure 2.3 Different topological modification approaches 
 

 
Element removal (Figure 2.3(b)) is to directly remove an element that the cutting tool 

intersects [Delingette 1999]. Despite of its simplicity and computational efficiency, this 

method cannot present smooth cut due to visual artifacts resulted from element removal. In 

addition, total mass and volume cannot be preserved after removing intersected elements. 

Mesh subdivision (Figure 2.3(c)) can generate smooth cutting path by subdividing 

elements such as triangles [Bro-nielsen 1998] or tetrahedra [Bielser 2000] along cutting 
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planes. However, the method is computationally expensive since there are many subdivision 

cases and the number of elements is increased. Another drawback is that small or 

degenerated elements may be generated near the cut site, which can cause instability of the 

simulation. 

Mesh adaptation (or node snapping) shown in Figure 2.3(d) can generate good cutting 

path without creating new elements. Vertices of elements or mass points near cutting path are 

snapped to the closest points on the cutting path. And associated edges or springs are aligned 

along the cutting path. Mesh adaptation has been applied in cutting triangular mesh and 

tetrahedral mesh [Nienhuys 2001]. The quality of resulting incision is limited by initial mesh 

resolution. The smaller the elements, the smoother the cut can be achieved. Degenerated 

elements of improper shape may also occur as the mesh subdivision approach.  

Mesh subdivision and adaptation methods can be combined to take advantages of 

both approaches, i.e. smooth cut without introducing too many new elements. Gasson et al. 

(2004) presented a repositioning and re-triangulation method of cutting on the surface Mass 

Spring model. Harders et al. (2005) proposed a similar hybrid approach for tetrahedral mesh 

cutting.  

2.2.2 Mesh relaxation 

Degeneracy such as small-size elements or badly-shaped elements may be generated 

after most topology modification approaches are applied. Degenerated elements can make the 

system unstable for afterward physical simulation. Such elements should be normalized, 

which is often called mesh relaxation.  

Topology modification approaches such as node snapping or mesh subdivision can 

result in internal forces in elements near the cut. Mesh relaxation was often accomplished by 

the physical interaction of internal forces [Choi 06]. This method is time consuming and 

potentially unstable since it is a dynamic physical simulation procedure. Instead of dynamic 

approaches, a quasi-static algorithm is used to implement mesh relaxation. Brown et al. 

(2001) and Sørensen et al. (2006) used this algorithm to simulate the deformation, with the 

assumption of small deformation and high damping parameter of soft tissues. This approach 
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ignores dynamic inertial and damping forces in order to speed up the numerical integration of 

deformable object simulation. We apply this algorithm to mesh relaxation to take advantage 

of its merit of efficient computation and fast convergence. The goal of mesh relaxation is to 

quickly obtain relaxation result rather than dynamic relaxation process.  

2.3 Haptic interfaces and force rendering 

In current VR systems, haptic interfaces are often used as virtual tools to control or 

manipulate virtual models. One focus of this paper is on the utilization of haptic interfaces in 

virtual environments for accurate force rendering of heterogeneous deformable objects. For 

this reason, haptic interfaces are introduced in this section. Techniques for haptic force 

feedback calculation and analysis are also discussed.  

2.3.1 Haptic interfaces 

The recent development of haptic interfaces has promoted the haptic applications in 

various fields including medicine, education, industry and so forth. There are many kinds of 

different haptic devices that have been developed. According to [Srinivasan 1997], haptic 

devices can be classified as ground-based or body-based devices. Ground-based haptic 

devices are usually grounded somewhere like a desktop. This kind of devices includes 

Joysticks, Pen-based Masters, Robot arms, Floor-Grounded Exoskeletons etc. Body-based 

haptic devices are usually portable and smaller than ground-based devices, including Arm 

Exoskeletons, Hand Master, CyberForce Glove etc. 

In our earlier work, a lab-built 5-DOF haptic force-torque feedback interface has been 

developed [Zhu 2004a, 2004b]. A SensAble Phantom Desktop will also be utilized in this 

paper. Both the lab-built haptic interface and the Phantom Desktop are pen-based desktop 

haptic devices. Figure 2.4 shows the lab-built haptic device, which was designed and 

manufactured by Suzuki Inc. Japan. Its controller system and software driver program are 

developed in our lab. A more systematic discussion on the haptic interface and controller 

development will be presented later. In this paper, we will mainly focus on applying haptic 

interfaces to the manipulation and cutting simulation of heterogeneous deformable objects. 
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Figure 2.4 Lab-built haptic force feedback device  

 

2.3.2 Tool-object interaction force rendering 

In the previous deformable object simulation work, penalty based methods were often 

used to calculate contact forces between the virtual tools and the deformable objects. “God-

object” and Proxy approaches were proposed to prevent the tool penetration into deformable 

objects during the tool-object interaction [Zilles 1995, Ruspini 1997]. As shown in Figure 2.5, 

these methods considered only the virtual penetration depth to estimate interaction response 

forces. During the tool-object interaction, friction is one of the most important forces that can 

be felt by users. However, friction is ignored in most previous work. In this paper, surface 

friction is integrated into our deformation force model to enhance the realism of haptic force 

feedback.  
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Figure 2.5 Haptic rendering of a sphere in a virtual environment 

 

Haptic force feedback can be easily calculated and rendered by most 3-DOF haptic 

interfaces. However, torque calculation and rendering are different. Torque feedback is 

critical in many applications that demand accurate force-torque feedback like surgical 

simulation and virtual sculpting [Lin 2007a, Zhu 2004]. In this paper, response forces and 

torques are calculated and rendered via our 5-DOF haptic interface device. 

2.4 Network communication technology for collaborative VR systems 

The most critical part of a collaborative VR system is its network architecture. Based 

on the functional relationship existing between the elements of the network, the network can 

be classified into active networking architecture, client-server architecture and peer-to-peer 

architecture. Client-server and peer-to-peer architectures are most commonly used in 

collaborative systems [Memon 1997]. In client-server architecture, most computation and 

simulation tasks are usually performed at the server. The main advantage is that only one 

data copy of the virtual environment is maintained so that data consistency is automatically 

guaranteed. However, computational burden at the server might be too heavy. In peer-to-peer 

architecture, simulation is performed at every client. Scalability of this architecture is better 
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than client-server architecture. However, the data consistency is very hard to maintain 

because each client has its own data of the same virtual environment.  

Practically, neither client-server nor peer-to-peer architecture can be directly used for 

collaborative applications, especially when haptic interfaces and deformable models are 

integrated. Marsh et al [2006] presented a roaming-server hybrid architecture based on the 

two basic network architectures for a distributed virtual prototyping application. Iglesias et al. 

[2006] compared different architectures and suggested that computation was distributed at 

both client and server sides for their virtual assembly simulation system. However, both 

researches didn’t take into account the complexity of deformable object modeling and 

simulation in their collaborative systems, which is one of the research objectives in this paper. 

2.5 Summary 

In this chapter, a briefly review of the related techniques has been presented, 

including deformable object modeling, deformable object cutting, haptic interfaces, force 

modeling and collaborative techniques. Limitations of current techniques have also been 

pointed out. In the following chapters, details of the proposed techniques are presented to 

overcome those limitations.  
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Chapter 3 

Tri-ray Node Snapping Algorithm and Heterogeneous Soft Tissue 

Modeling for Medical Surgical Simulation 

 
This chapter presents the modeling techniques of deformable bio-objects for medical 

applications. A tri-ray node snapping algorithm is proposed to generate volumetric 

heterogeneous deformable models from a set of object interface surfaces between different 

materials. Heterogeneous models can represent real internal geometric structures of soft 

tissues and different material properties. A constrained local static integration method is 

presented for the physical simulation of deformable objects. By integrating heterogeneous 

deformable models into VR systems, users can feel different materials by touching a 

deformable object via a haptic device.  

3.1 Introduction 

For medical applications, the techniques of modeling of bio-tissues and deformable 

objects are important and they are not easy tasks. Figure 3.1 shows the boundary surfaces and 

interface surfaces of human anterior abdominal wall. As shown in Figure 3.1, bio-tissue 

consists of different material properties and complex geometric information that are difficult 

in modeling. Heterogeneous deformable model representation is critical in modeling real 

internal structures of deformable bio-objects with different material properties [Sarni 2004, 

Georgii 2005]. Nonlinear elasticity of deformable objects has been modeled by the nonlinear 

strain tensor or nonlinear spring coefficients [Mendoza 2003, Desbrun 1999]. Bourguignon et 

al. (2000) and Picinbono et al. (2003) reported the modeling of anisotropic behaviors of 

deformable objects. However, these approaches only deal with deformable objects consisting 

of single material. Physically-based deformable models are of growing interest in Virtual 

Reality (VR) applications, such as medical training, entertainment industry, design and 

manufacturing industry [Al-khalifah 2004, Akagi 2006, Dewaele 2004, Lin 2007b]. Most 
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existing deformable objects consist of heterogeneous materials with complex internal 

structures and various material properties. 
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Figure 3.1 Bio-tissue example and boundary surfaces of anterior abdominal wall 

 

Heterogeneous deformable object models, combined with accurate haptic rendering 

techniques based on these models, provides great potential to enhance VR or MR. Especially 

in some virtual environments requiring high fidelity, deformable models should incorporate 

proper internal structures and material properties [Lin 2007a]. For example, in surgical 

simulation it is often necessary to differentiate healthy soft tissues such as skin, fat tissues, 

muscles, or vessels and nerves, from unhealthy ones. However, most current practices 

assume homogeneous material properties and ignore internal structure variance, which 

greatly limit the application [Basdogan 2004]. In VR environments new deformable models 

often need to be generated efficiently. For example in surgical simulation, patient-specific 

models of new deformable objects are usually required for the presurgical rehearsal and 

postsurgical analysis. Current simulation systems lack the flexibility of creating new 

deformable models, especially heterogeneous deformable models. 

In this chapter, detailed techniques and modeling algorithms are proposed to generate 

heterogeneous deformable models for medical applications. A constrained local static 

integration method is proposed for fast and robust deformation simulation and a force 

accumulation model is presented to calculate spring forces for accurate haptic rendering. 
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Parts of human body such as anterior abdominal wall, leg and thigh are modeled using the 

proposed techniques for demonstration. Other heterogeneous deformable objects can be 

modeled by the same techniques. 

The remainder of this chapter is organized as follows. Section 3.2 provides a review 

of the heterogeneous modeling of deformable objects. Section 3.3 presents the detailed node 

snapping algorithm for modeling the deformable heterogeneous objects. Section 3.4 

discusses the system modeling of spring force rendering and the detailed techniques of 

solving the deformation equilibrium. Section 3.5 presents the summary. 

3.2 Modeling of Deformable Biological Soft Tissues 

Biological soft tissues, as shown in Figure 3.1, are viscoelastic, anisotropic and 

heterogeneous deformable objects [Fung 1993]. Deformable model generation is a process of 

discretizing volumetric objects into mass points and springs in Mass Spring Model or small 

elements in Finite Element Model. Most simulation systems used mesh generation 

approaches of Finite Element Analysis (FEA) to generate small elements such as tetrahedra 

or hexahedra for Finite Element Model [Meier 2005]. Many Mass Spring models can also be 

generated from these tetrahedra or hexahedra by taking their vertices as mass points and 

edges as springs [Mollemans 2003]. However, deformable models generated by these 

approaches are mostly homogeneous. 

mass point

layer spring

shear spring
structural spring

 
Figure 3.2 Hexahedral element of volumetric Mass Spring model 
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Figure 3.2 shows the hexahedral elements used for the Mass Spring modelling of the 

heterogeneous materials.  The hexahedral elements are more stable and controllable than the 

tetrahedral elements (Lin 2007a). Mass points on the same layer are connected by structural 

springs and diagonal shear springs. Structural springs stand for tensile and compressive stress, 

while shear springs are mainly used to represent the shear stress. Layer springs are added to 

connect neighbouring tissue layers. This regular structure can keep the system stable and 

prevent self-intersection during simulation. 

A heterogeneous deformable object may include several materials, as shown in Figure 

3.3. For example, a human leg consists of skin, fat tissue, various muscles, bone and so on. 

To generate such a heterogeneous model, geometry of each material inside the object is 

required, such as its interface surfaces. Most interface surfaces between materials can be 

acquired from medical images such as CT and MRI images, although it remains as a 

challenge to differentiate some very close materials. 

Material 1

Interface surface

Material 2

Mass points of material 1
Mass points of material 2
Mass points on interface surface

 
Figure 3.3 Heterogeneous deformable models with interface surface between tissues 
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In some applications like Computer Aided Design (CAD), smooth variation between 

different materials is traditionally applied by interpolation [Samanta 2005]. For heterogeneous 

deformable modeling of biological soft tissues, a meaningful interface layer usually exists 

between two different materials, as shown in Figure 3.3. For instance, muscles are often 

enclosed by the muscle sheath and bones are enclosed by the periosteum. These interface 

surfaces provide appropriate visual clue to differentiate soft tissues. They can also be used 

for specifying different material properties such as mass, texture and stiffness.  

Heterogeneous modeling and simulation require more computational power than 

homogeneous modeling since more topological constraints and material properties are 

involved. For interactive VR applications like surgical simulation and computer games, real-

time computation has the highest priority. Algorithms used in heterogeneous modeling have 

to be efficient. In addition, the balance between the level of details in heterogeneous 

modeling and the computational efficiency needs to be taken into account carefully.  

3.3 Tri-ray Node Snapping Algorithm for Constructing Heterogeneous 

Models 

In this chapter, we present a technique of constructing heterogeneous deformable 

models. The key point of heterogeneous model generation is to retain a single mass spring 

layer for the outmost surface of a whole object and also individual mass spring layer 

respectively for each internal interface surface. For rest part of the deformable model except 

these interface surfaces, uniform mass spring network is created to connect these interface 

mass spring layers. For better illustration of the idea of heterogeneous deformable model 

generation, we give two definitions: 

Definition 1: mass points of the same material are defined as homogeneous mass 

points; otherwise they are heterogeneous mass points.  

Definition 2: springs connecting homogeneous mass points are defined as 

homogeneous springs; springs connecting heterogeneous mass points 

are defined as heterogeneous springs.  
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Figure 3.4 Procedure of constructing heterogeneous volumetric models 

 

In this chapter, the heterogeneous deformable model generation algorithm is 

implemented in the following sequence: (i) mass point generation by a tri-ray node snapping 
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algorithm, (ii) springs connection and interface marching technique, and (iii) physical 

parameter specification.   

From the boundary and interface surfaces, mass points are generated by a tri-ray node 

snapping algorithm similar to the Ray Casting algorithm in Computer Graphics. Based on the 

idea of the tri-dexel volumetric model developed in our earlier work presented in [Ren 2006], 

parallel rays are cast respectively three orthogonal directions to intersect the boundary 

surface and interface surfaces, in order to preserve the shape of these surfaces accurately. 

Figure 3.4 shows the procedure of using tri-ray tracing technique to construct volumetric 

heterogeneous models. First, rays in one direction are used to generate all mass points. Then 

rays in the other two directions are used to adjust the positions of mass points around 

interface surfaces, without generating new mass points.  
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Interface
surface
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dΔ
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(a) (b)  
(a) Mass points before snapping.  (b) Mass points after snapping onto surface 

Figure 3.5 Mass points snapped to intersection surface points 

 

As shown in Figure 3.5, uniform rays are cast from grid points P[i, j, 0] on the 2D X-

Y plane to intersect with all the accessible boundary surfaces.  Mass points are evenly 

generated at the interval dΔ  along the ray shown as follows: 

 rdkjiPkjiP *],,[]1,,[ Δ+=+  (3.1) 

where r  is a unit vector in the ray direction; dΔ  is the grid distance between adjacent mass 

points. dΔ  is defined by the minimum of mind  and threholdd  as follows:  

 }{ mind  ,dMaxd threshold=Δ  (3.2) 
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Figure 3.6 Flowchart of generating the volumetric heterogeneous models  
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In Equation (3.2), mind is the minimal distance between two intersection points of different 

interface surfaces in the model, and threholdd  is a preset value to control the mass point density 

in case mind is too small. As shown in Figure 3.5(a), when a ray intersects an interface surface 

at the point intersectP , the closest mass point to intersectP  along the ray is P[i,j,k] if the following 

condition is true:  

 
2

],,[ dkjiPPintersect
Δ

≤−  (3.3) 

  Using Equation (3.3), a mass point can be snapped into its closest intersection point 

on an interface surface. As shown in Figure 3.7(b), P[i, j, k] is the closest mass point to 

intersectP and it is snapped to intersectP  as a result. Figure 3.6 shows the flowchart of the detailed 

procedures of generating mass points of heterogeneous volumetric models.  
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Figure 3.7 Mass point generation with different bio-tissue materials 

 

Using Equations (3.1)-(3.3), mass points generated by the tri-ray procedure can be 

refined into the intersection points accurately located on the surfaces. Mass points are 
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gradually generated along the ray until the ray reaches the outmost boundary surface. Above 

process is repeated until all rays in Z direction are processed. After this step, newly generated 

mass points are shown in X-Z plane of Figure 3.7(a). However, mass points on the interface 

surface cannot separate Material 1 and Material 2. Neither can they preserve the shape of 

original interface surfaces, as shown in Figure 3.7(a).  

Above problem is solved by adjusting some mass points around the interface surfaces, 

using rays in X and Y directions respectively. For example, rays along X are cast to intersect 

the interface surfaces. Existing mass points closest to the intersection points are snapped to 

these intersection points, without generating new mass points. Figure 3.7(b) shows an 

example of adjusting mass points along X direction. Ray k+1 intersects the interface surface 

at point M and point N. Mass point P[i-1,k+1] that is closest to point M and mass point 

P[i+3, k+1] that is closest to point N are snapped to points M and N respectively. After the 

mass point adjustment step, a smooth boundary interface is formed to separate the two 

materials as shown in Figure 3.7(c).  

(a) Mass points generated along Z direction (b) Mass points adjusted along X direction

X
Z

Mass points on
interface surfaces

Mass points
inside materials

Mass point
adjustment in
X direction

 
Figure 3.8 Mass point generation of a human thigh example 

 

Figure 3.8 gives a real example of mass points on one section of human thigh model 

using the tri-ray node snapping algorithm. Larger mass points are located on boundary or 
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interface surfaces. The example shows that the node snapping algorithm can preserve 

boundary and interface shape of deformable objects during the construction of the 

heterogeneous deformable models. 

Most mass points by the tri-ray node snapping algorithm are uniformly distributed 

inside the deformable model if they are not snapped onto any interface surface. These mass 

points maintain a regular neighboring topology so that they can be directly connected to their 

neighboring mass points by springs. On the other hand, mass points snapped onto interface 

surfaces are irregularly distributed due to snapping. Mass points snapped on an interface 

surface are supposed to form a single mass spring layer to represent this interface surface. 

However, direct neighboring mass point connection method is not able to achieve this.   
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(a) Mass points generated by the tri-ray snapping algorithm. (b) Spring connected by 

direct neighboring connection method.  (c) Spring generation on the interface surface 
by homogeneous mass point search algorithm 

 
Figure 3.9 Technique for interface surface marching 

 

Figure 3.9(a) shows an example of interface points generated by the tri-ray node 

snapping algorithm. Notice that the new interface points are not located at the exact grid 

nodes.  In this chapter, an interface marching technique has been developed to construct the 

interface surface combined with the node snapping procedure. Using the concept of the 
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marching cube algorithm developed in our earlier work presented in [Zhu 2005], the interface 

surface is connected through marching along the 3D surface contour, as shown in Figure 

3.9(b).  In Figure 3.9(b), the original grid nodes generated by the tri-ray method are snapped 

onto the interface surface.  When the marching along the interface contours stops, the 

interface contours need to be connected and merged.  As shown in Figure 3.9(c), a 

continuous interface surface has been successfully constructed.  Details of the Interface 

Marching Algorithm are shown in Figure 3.10.  

The last step of heterogeneous deformable model generation is to assign material 

properties to mass points and springs. In our heterogeneous deformable models, different 

materials are separated by the interface surfaces. By selecting any mass point, all its 

homogeneous mass points can be chosen simultaneously and material properties like mass 

can be specified efficiently, which is an advantage of our heterogeneous model.  

Similarly, we can assign physical properties to springs such as their stiffness. If a 

spring is a homogeneous spring that connects two homogeneous mass points, it is either on 

an interface surface or within a material. Material properties of the interface surface or the 

material are assigned to the spring. If a spring is a heterogeneous spring, mass point at one 

end of the spring must be on an interface surface and the other mass point belongs to another 

material. The spring is considered to have material properties of that material. All springs of 

the same physical properties can be found starting from any of these springs since they are 

always connected with each other. Therefore, their spring properties can be assigned in a 

batch. 
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Figure 3.10 Flowchart of interface marching algorithm 

 



28 

3.4 System Modeling of Spring Force Rendering and Solving Deformation 

Equilibrium 

Local deformation of soft tissues is often assumed in surgical simulators to reduce the 

computational burden of deformable object simulation [Nakao 2006]. In this chapter, local 

deformation is controlled by a preset small force value. Mass points are considered to be 

active only if their total spring forces are larger than the threshold force. Only active mass 

points are used in simulation.  

In conventional Mass Spring Model, the spring force of a mass point i is often 

calculated by total spring forces from its neighboring springs as following, 

 ∑
=
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 (3.4) 

where itk is the spring coefficient between mass points i and t; itlΔ is the spring length 

deviation from its original length; itd
r

 is the direction vector pointing from mass point i to its 

neighboring mass point t.  
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Figure 3.11 Rigid (incompressible) spring at its extreme length 
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During the simulation, it is possible that a spring is over compressed or stretched to 

its extreme length as spring ij in Figure 3.11. In this case, Equation (3.4) becomes inaccurate 

because the spring force will not change even if mass point i (Figure 3.11) is further pushed 

down. In the extreme compression or stretching case, we assume a spring become a rigid 

object without break or fracture. A force accumulation method is presented to accumulate the 

spring force acting on the rigid object. For example, spring ij in Figure 3.11 is extremely 

compressed and considered as a rigid object. The spring force on one end mass point (e.g. 

mass point j) is accumulated to the other end mass point (e.g. mass point i) so that the total 

spring force at mass point i is calculated as follows:   
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where in and jn are the neighboring mass points of mass point i and j. kf  can be calculated 

recursively by the second formula in Equation (3.5), if there are more extreme springs 

connecting to mass point k.  

A mass point touching by the haptic tool is defined as contact mass point. Haptic 

feedback forces are calculated by interpolating spring forces of contact mass points. The 

force accumulation method and proper material properties from heterogeneous deformable 

models can guarantee realistic haptic force rendering for VR applications like surgical 

simulation.  

To find the equilibrium state of a deformable object under deformation forces, the 

governing force system of the deformable object is formulated first. The mass spring system 

of a deformable object is a dynamic system, which is governed by following second order 

differential equations: 

 iiiiii fgxdxm +=+ &&&  (3.6) 
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where im , id are mass and damping coefficient of mass point i; ix&& and ix& are its acceleration 

and velocity respectively; ig is total external force and if is total internal spring force of mass 

point i.  Several numerical integration schemes have been used to solve these Ordinary 

Differential Equations, such as explicit Euler method, 4th-order Runge-Kutta method and 

Verlet method [Bielser 1999, Sørensen 2006]. All these numerical integration schemes suffer 

the same problem of slow convergence to system equilibrium, since each mass point may 

oscillate around its equilibrium position for a few times. A large integration time step h can 

speed up the convergence but may bring the system instability.  

In real surgery, it is often observed that dynamic behaviors of biological soft tissues 

are not apparent under the surgical manipulation [Sørensen 2006]. Biological soft tissues can 

reach their static equilibrium quickly. A quasi-static algorithm was used to find the static 

solution without considering inertia, mass or damping [Brown 2001]. However, this 

algorithm still needs to find a proper integration step experimentally to balance the fast 

convergence and real-time performance.  
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Figure 3.12 Neighboring bounding box (NBB) of a mass point 

 

In this chapter, we propose a constrained local static integration method for quick 

convergence and stable simulation. Static equilibrium of each moving mass point is 

calculated locally within its neighboring bounding box (NBB), as shown in Figure 3.12. The 
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neighboring bounding box (NBB) of mass point [i,j,k] is defined by its six direct neighboring 

mass points as shown in Figure 3.12. Movement of each mass point is constrained within the 

NBB by using the following conditions:  
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The local static equilibrium force method is applied only to aforementioned active 

mass point i shown as follows:   

 ∑
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where iP  is the current position of mass point i to be calculated. ijK is spring coefficient of 

spring ij; jP  is known current position of mass point j; iP ,0  and jP ,0  are initial positions of 

mass point i and j; ig is the external force on mass point i; and in is the number of the 

neighboring mass points of mass point i. The unknown position iP  in Equation (3.8) can be 

expressed as follows:  
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The static equilibrium for iP  is a local and temporary solution, which may be changed 

according to the dynamic perturbation of the nodes in the deformable models. For example, 

the variable jP  in Equation (3.9) may be changed due to the dynamic movement of iP  

resulting from the change of the local static equilibrium. In this chapter, an iterative 

procedure is applied to Equation (3.9) with the iteration index t shown as follows: 
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  where t = 0, 1, 2, … (3.10) 

During the iteration if finding the final equilibrium, each mass point moves towards 

its final solution, normally within few iterations. When some active mass points only move 

very short distance from its last iterative location and the responsive spring force is small 

than a predefined threshold value, these mass points are considered to have reached their 

final equilibrium status. When there is no more active mass point, the iteration is completed 

and the final equilibrium of the system is accomplished. 

3.5 Summary 

In this chapter, the modeling techniques of soft bio-objects have been presented for 

medical applications. Detailed techniques of constructing heterogeneous deformable models 

are discussed to represent real internal structures of deformable bio-objects and the different 

material properties. Biological soft tissues can be modeled and simulated by using the 

presented techniques. A constrained local static integration method is presented for 

simulating realistic deformation of soft tissues. And heterogeneous material properties are 

used to calculate accurate force feedback. The presented techniques can be used for surgical 

simulation, bio-product design and prototyping applications. In the next chapter, we 

introduce a 5-DOF haptic interface and force feedback analysis for heterogeneous 

deformable modeling based on the haptic interface.  
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Chapter 4 

5-DOF Haptic Force Feedback Analysis for Heterogeneous 

Material Modeling and Virtual Prototyping 

 
In this chapter, we present haptic force rendering and analysis techniques for 

heterogeneous soft-material product modification and virtual prototyping. Techniques of both 

geometric and physical modeling of deformable heterogeneous materials are presented for 

virtual prototyping and product development. Haptic interactive forces and torques are 

calculated based on the heterogeneous material properties. Surface friction is integrated into 

haptic force model to simulate physical properties of deformable objects. A lab-built 5-DOF 

(degree of freedom) haptic force-torque feedback interface is developed to allow the user to 

maneuver and test the virtual product models built for product development.  

4.1 Introduction 

Virtual reality (VR) techniques have been applied in manufacturing systems ranging 

from product design, virtual prototyping, manufacturing planning and virtual assembly.  

Force and torque feedback play a critical role in identifying different materials in design and 

examining their physical properties in virtual prototyping and product development. To 

improve the virtual prototyping and product development, various haptic devices were 

introduced to enhance the realism of VR environments by providing force feedback to the 

users [Ren 2006]. Figure 2.3 shows a 5-DOF (degree of freedom) haptic force feedback 

device developed at our lab as presented in our earlier work in [Zhu 2004]. This lab-built 

haptic interface can output 2-DOF torque and 3-DOF force feedback, which is more realistic 

for haptic rendering than the commercially available typical 3-DOF force feedback haptic 

devices. The developed haptic interface allows direct hardware operation so that it is easier to 

generate and control the needed force feedback. The haptic interface can also provide larger 

force feedback than many of the commercially available 3-DOF haptic devices.  



34 

Force and torque feedback generation and rendering not only depend on the haptic 

interface but also on virtual objects modelling. Most of previous work in virtual prototyping 

considered only rigid objects in virtual design and manufacturing systems [Bordegoni 2006, 

Zhu 2004]. Duriez et al. (2003) introduced deformable objects in virtual prototyping and 

modelled the snap-in tasks. Deformable object models were also used for haptic function 

evaluation of multi-material part design [Yang 2005]. In industry, soft materials such as foam, 

rubber, sponge, plastics and fabrics are commonly used in industrial products for decorative, 

ergonomic and mainly functional purposes. There are many advantages of modelling soft 

materials and integrating their material properties into virtual product design and 

manufacturing systems. For example, in design and prototyping stage, designers can see and 

“feel” the virtual products intuitively. In addition, product function testing and evaluation can 

be performed in the early product development stage before the physical prototypes or real 

products are made. These advantages can significantly improve the product development 

quality and shorten the product development cycle.  

In this chapter, we propose a new method of modelling the heterogeneous deformable 

objects with haptic force rendering technique for virtual prototyping and product 

development.  Heterogeneous deformable objects are modelled with different material 

properties and the internal structures. Using the discussed haptic force rendering technique, 

the user can manipulate and test the deformable objects design. The reminder of this chapter 

is organized as follows. Section 4.2 presents the mechanism of the 5-DOF haptic interface 

and the development of the haptic controller. Section 4.3 discusses the haptic force rendering 

on the deformable objects. Section 4.4 presents the summary.   

4.2 Haptic force feedback interface and control system 

In this chapter, the lab-built haptic device shown earlier in Figure 2.3 is used.  The 

haptic device has the capability of 6-DOF input and 5-DOF force-torque output in providing 

the users with 3-DOF force and 2-DOF torque feedback. In this section, we analyse the 

mechanism of this device and discuss the details of developing the controller interface 

system.  
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4.2.1 Mechanism and control system of the haptic device 

As shown in Figure 4.1, the haptic device consists of one probe, left and right 

articulated arms and 6 motors. The probe is the end-effector, which is connected to the 

bottom of two articulated arms. The left and right articulated arms consist of links and joints 

as shown in Figure 4.1. All joints of this haptic device are rotational. Six shaded joints in 

Figure 4.1 are active joints, which are driven respectively by 6 DC motors. Other joints are 

passive joints, whose rotations are dependent on active joints. The combined rotation of the 

active joints solely determines the position and orientation of the haptic probe. Torques 

generated by motors drive all joints and finally the haptic probe. The haptic device can 

generate 5-DOF force feedback on X, Y, Z axes and torque feedback on two rotational axes 

at the probe. There is no torque feedback on probe’s own rotational axis.  
 

2L0=160m

L1R=150mm 

L2R=180m

Active joints
Passive joints

30m

Probe

L1L=180m

L2L=180m

 

Figure 4.1 Mechanism structure of the 5-DOF haptic force feedback device 
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As shown in Figure 4.1, the haptic device consists of one probe, left and right 

articulated arms and 6 motors. The probe is the end-effector, which is connected to the 

bottom of two articulated arms. The left and right articulated arms consist of links and joints 

as shown in Figure 4.1. All joints of this haptic device are rotational. Six shaded joints in 

Figure 4.1 are active joints, which are driven respectively by 6 DC motors. Other joints are 

passive joints, whose rotations are dependent on active joints. The combined rotation of the 

active joints solely determines the position and orientation of the haptic probe. Torques 

generated by motors drive all joints and finally the haptic probe. The haptic device can 

generate 5-DOF force feedback on X, Y, Z axes and torque feedback on two rotational axes 

at the probe. There is no torque feedback on probe’s own rotational axis.  

To control and provide the necessary feedback signals of the haptic device, a haptic 

controller system is developed for the 6-DOF haptic device, as shown in Figure 4.2. The 

details of the controller elements and the layout are shown in Figure 4.3 [Zhu 2003]. 

 

 
Figure 4.2 The controller hardware of the 5-DOF haptic device 
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Figure 4.3 The controller elements and layout of the 5-DOF haptic device [Zhu 2003] 

 

Haptic controller is the media between haptic device and the computer application 

program. Encoders are attached to the motors as well as the probe. As the haptic probe is 

moved by the user, the encoders acquire the position and orientation information of the 

haptic probe. Figure 4.4 shows the work and information flow of the haptic controller 

system.  The information is sent to counter board that is directly connected to encoders. 

Counter board parses the information and sends it to haptic control program. With the right 

position and orientation, the virtual probe can be displayed in virtual simulation system. 

During the system simulation, force and torque of the virtual probe are calculated based on 

the haptic-object interaction. Resultant force and torque must be converted into equivalent 

torques to drive motors of the real haptic device, which will be discussed later in this chapter. 

Digital signals of the equivalent torques are then generated and converted into analog signals 

via D/A (Digital/Analog) board. Six amplifiers drive the 6 motors to generate the same force 

and torque for the haptic probe as in virtual environments. Eventually, the user can feel the 

feedback force and torque while holding the haptic probe.  
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Figure 4.4 The haptic device hardware working flow 

 

4.2.2 Kinematics analysis of the haptic force feedback device 

The kinematics of the 5-DOF haptic force feedback device is analyzed based on the 

right and left articulated arms. Three coordinate systems are defined in this chapter, including 

world coordinate system Σw, left local coordinate system ΣL and right local coordinate system 

ΣR, as shown in Figure 4.5. In the diagram, only the left arm is used for illustration. Right 

arm can be analyzed accordingly. Figure 4.5 also defines the rotation angles of left links, 

such as L1θ , L2θ and L3θ . Note that movements of left arm are constrained onto a plane so 

that their angles with X axis are always L1θ . When probe is moved upon the manipulation, it 

will rotate around its pivot point P , which is the midpoint of LP and RP .  
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Figure 4.5 Haptic device coordinate systems and rotation angle definition [Zhu 2003] 
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According to Figure 4.5, we can derive the positions of LP and RP within world 

coordinate system [Zhu 2003]. The X coordinate of LP ,  xLP , can be shown as follows:  

 xLxLxL LLP ,2,1, +=  (4.1) 
where xLL ,1 is the LL1 ’s projection on X axis and xLL ,2  is the LL2 ’s projection on X axis. 

xLL ,1 and xLL ,2  can be calculated respectively by Equation (4.2) and (4.3) as, 

 LLLxL LL 121,1 cossin θθ ⋅⋅=   (4.2)                 

 LLLxL LL 132,2 coscos θθ ⋅⋅=  (4.3)                       
Combine Equations (4.1) to (4.3), one can calculate xLP ,  shown as follows:  

 LLLLLLxL LLP 132121, coscoscossin θθθθ ⋅⋅+⋅⋅=                    (4.4)              
Similarly, we can obtain yLP , and zLP , . The position of LP  and RP  can be expressed by the 

following Equations (4.5) and (4.6) respectively, 
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As shown earlier in Figure 4.5, since the pivot point P  is the midpoint between LP  and RP , 

its position can be easily calculated as follows:  

 
2

RL PPP +
=                                                              (4.7)                               

And the haptic probe orientation prr  can be expressed by 

  
RL

RL
p PP

PPr
−
−

=
r

                                                           (4.8) 

After this, one can derive the relation between the joint driving torques generated by motors 

and the forces generated by the left and right arm at the haptic probe shown as following.  
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Figure 4.6 Force and torque model of the haptic device 

 

First, we define the joint displacement vector θ and the displacement of the haptic 

probe p respectively by 

 
T

n ),,,( 21 θθθθ L=                                                      (4.9)                               

 T
mpppp ),,,( 21 L=                                                 (4.10)                               

where n and m are the variable numbers of each vector. This haptic device consists of twelve 

joints, in which only the six active joints are independent. Vector θ  includes the six active 

joints so that n equals to 6. p  represents the positions of  LP  and RP , which also have six 

variables. Therefore, for this device, the vector θ  is T
RRRLLL ),,,,,( 321321 θθθθθθ and the vector 

p  is T
zRyRxRzLyLxL pppppp ),,,,,( ,,,,., . According to Equations (4.5)-(4.8), p  can be re-written 

as a function of θ  shown as follows: 

 )(θFp =                                                              (4.11) 
Differentiating both sides of Equation (4.11) by time, one can get the following equation:  

 θθ
θ
θ &&& JFp =

∂
∂

=
)(

                                                     (4.12) 
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where J  is the Jacobian matrix of the haptic probe. Based on Equation (4.12), the relation 

between virtual displacement pδ  of the haptic probe and virtual displacement δθ of the joints 

can be described by the following equation, similar to the result discussed in our earlier work 

in [Zhu 2004]:  

 δθδ Jp =                                                              (4.13) 
When a rigid body in equilibrium is subject to virtual compatible displacements, the 

summation of all the virtual work of all external forces is zero. For the haptic device, each iτ  

is specifically corresponding to one iθ . For example in Figure 4.6, when Motor 2L rotates, 

L1L rotates by L2θ  but L2L will move parallel without change L3θ . Therefore, torque 

L2τ determines the value of L2θ . Similarly, L3θ  is only determined by the torque L3τ . 

Therefore, the total virtual work can be defined as follows: 

 0)()( =− ΤΤ fpδτδθ                                                    (4.14) 
where τ  is the force vector of the joints ( L1τ , L2τ , L3τ , R1τ , R2τ , R3τ )T; f  is the force vector of 

the left and right arms at the haptic probe, which can be written as 

( xLf , , yLf , , zLf , , xRf , , yRf , , zRf , )T. Using Equations (4.13) and (4.14), one can calculate 

τ shown as follows:  

 fJ Τ=τ                                                                  (4.15) 
Based on the definition of the Jacobian Matrix, J  can be derived from Equations (4.5) and 

(4.6) shown as follows: 
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where 0L , LL1 , RL1 , LL2 , and RL2  are known constants as shown in Figure 4.5. The rotation 

angles iθ can be obtained as input from the controller program, which will be discussed 

shortly. The current Jacobian matrix can be computed by using Equations (4.16). Given the 

calculated force vector f  of the left and right manipulators from the virtual simulation 

environment, we can calculate each motor torque required to generate the torque and force on 

user’s hand by Equation (4.15).  

Input function is used to determine the position and orientation of the haptic probe. 

Value of each encoder is provided by counter board library function. The counter board 

measurement function is quadrant and each encoder resolution is 2000 per quadrant. 

Therefore, the encoder resolution is 8000 per revolution. For motors 1L and 1R as shown in 

Figure 4.6, 12/105 gear pairs are used to increase the encoder resolution at these two motors 

to 8000 * 105 / 12 = 70000. The other four motors 2L, 2R, 3L, 3R have 12/72 gear pairs, 

which make the encode resolution of 8000 * 72 / 12 = 48000. The resolution value of each 

encoder i is defined by iR , which means a revolution of 360 degree is divided into iR (70000 

or 48000 in this device) steps. By reading the step value iC  from each encounter, we can 

calculate the rotation angle iθ  of each joint by 

 iii RC /360⋅=θ                                                      (4.19) 
The rotation angles iθ  are used to determine the probe position and orientation by Equations 

(4.5) to (4.8).  The Jacobian Matrix can also be calculated given the rotation angle iθ  using 

Equation (4.16). For the output of the controller program, force and torque calculated from 

virtual environments are accepted and processed into the digital signals. The digital signals 

are converted to analog signals via D/A board. The analog signals are amplified by amplifiers 

and then used to drive the motors, as shown earlier in Figure 4.4. Finally, the haptic device 

generates force and torque feedback that can be felt by the users.  

4.3 Haptic force rendering for deforming soft models 

In this section, the haptic force rendering technique of deforming the heterogeneous 

soft-material objects is presented to deal with the deformation and cutting operations via the 
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lab-built 5-DOF haptic interface. One goal is to generate the force-torque feedback to allow 

the user to “feel” or identify surface physical properties and internal heterogeneous structures 

for product design and virtual prototyping. The force models can also be used to test and 

evaluate the function of the virtual design objects.  

4.3.1 Modeling interaction forces on deformable objects  

In the previous physically-based simulation work, penalty based methods were often 

used to calculate contact forces between virtual tools and deformable objects, but the 

penetration was an unsolved problem. “God-object” method was proposed to prevent the 

intersection during the tool-object collision [Zilles 1995, Deguet 1998]. However, these 

methods only considered virtual collision depth to estimate interaction spring forces without 

friction, which is one of the most important tactile sensations during the tool-object 

interaction. In addition, these methods were mainly applied to common 3-DOF force 

feedback haptic device, while 5-DOF force-torque feedback calculation is completely 

different. In this chapter, surface friction is integrated into our deformation force model. 

Collision force and torque are calculated and rendered by our 5-DOF haptic interface. 

In the previous physically-based simulation work, penalty based methods were often 

used to calculate contact forces between virtual tools and deformable objects, but the 

penetration was an unsolved problem. “God-object” method was proposed to prevent the 

intersection during the tool-object collision [Zilles 1995, Deguet 1998]. However, these 

methods only considered virtual collision depth to estimate interaction spring forces without 

friction, which is one of the most important tactile sensations during the tool-object 

interaction. In addition, these methods were mainly applied to common 3-DOF force 

feedback haptic device, while 5-DOF force-torque feedback calculation is completely 

different. In this chapter, surface friction is integrated into our deformation force model. 

Collision force and torque are calculated and rendered by our 5-DOF haptic interface. 
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Figure 4.7 Different cases of interaction between a tool and a deformable object 

 

Deformable objects manipulation by a haptic tool is typically modelled as the 

examples shown in Figures 4.7(a) and 4.7(b). The user pushes the virtual deformable object 
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normally or skewed to the contact surface. A single contact force sf  is calculated as the 

spring force of the contact point. The calculation of the spring force isf ,  of a mass point i  has 

been presented in Section 3.4. The special cases that a spring is over compressed or stretched 

have been analysed. When a spring reaches its extreme length, it is considered as a rigid 

object and a force accumulation method has been proposed to calculate the accurate spring 

forces as Equation (3.5) in Section 3.4.  
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Figure 4.8 Deforming an object with soft and hard materials 

 

Figure 4.8 provides an example of pushing the deformable object surface against 

internal hard structure. When contact point i is continuously pushed inward, spring ij and jk 
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will reach their extreme length so that they cannot be further pushed down as shown in 

Figure 4.8(b). Further pushing cannot move the tool and object surface any more. Instead, a 

large collision force is resulted as if the tool directly touches the inside hard structure. This is 

analogous to pressing a finger against your leg until you feel the hard bone inside. To 

calculate the collision force inf caused by the hard structure, the tool is assumed to be moved 

to its virtual location, as the dotted-line tool shown in Figure 4.8(b).  

The collision force inf  is calculated by the penetration depth of the virtual tool, as 

shown in Figure 4.9. Its direction is estimated by pn , the normal direction to the hard surface 

at intersection point P with the virtual tool.  Therefore, inf  can be calculated as following, 

 pinin ndkf ⋅⋅=                                                         (4.20) 

where ink  is the stiffness of the hard material and d is the cutting depth measured based on 

the tangent plane of the hard material at its contact point as shown in Figure 4.9.  
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Figure 4.9 Force modeling of probe contacting the hard–material object 

 

4.3.2 Static and dynamic friction force modeling 

Friction is an important force component during the tool and deformable object 

interaction, which reflects surface properties such as roughness. When haptic tool moves (in 
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Figure 4.7(c)) or rotates (in Figure 4.7(d)), friction is generated in the opposite direction of 

tool motion. Some commercial haptic devices can mimic friction by simply setting a proper 

surface roughness parameter. Such friction cannot be directly integrated into the force model 

to control the deformation behaviours.  
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Tool

 

Figure 4.10 Force modeling with friction forces 

 

Figure 4.10 shows the modelling of forces with the consideration of friction between 

the haptic probe and the deformable object surface. As the tool moves on the object surface, 

the friction can be calculated as Coulomb friction shown as follows:   

 Nf kf μ=                                                                 (4.21) 

 nsfN ,−=                                                                 (4.22) 

where kμ  is the coefficient of kinetic friction; N  is the normal force or pressing force on the 

surface by the haptic tool; nsf ,  is the component force of spring force sf  perpendicular to the 

tangent plane. The friction direction is opposite to the tool motion relative to the deformable 

surface. This friction is often defined as kinetic or dynamic friction since it tends to slow 

down the motion. Rough surface and large normal force always result in large dynamic 

friction.  



48 

Deformable
object

sliding

A

fs

B

Deformable
object

dragging

A

fs

B

ff,dynamic

ff,static

fs

Deformable object

A
(a)

(b)

(c)

B

Smooth surface

Rough surface

Tool movement

 
(a) Pushing the deformable surface down; (b) Tool sliding on the smooth surface; (c) Tool 

dragging the rough surface 

Figure 4.11 Tool-object interaction examples caused by friction 

 

As shown in Figure 4.11, friction to some extent affects the actual deformation. In 

Figure 4.11(b), when the contact surface is smooth or the pressing force on the surface is 

small, the tool can slide from point A to B on the surface freely. Friction in this case is 

kinetic friction as mentioned above. On the other hand, in Figure 4.11(c), if the friction is 

large enough due to rough surface, the tool cannot move relative to the surface. The 
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deformable surface may be dragged by the tool. This friction is defined as static friction. The 

surface sliding or dragging phenomenon can be easily observed when a person presses his or 

her skin by a finger and then moves, depending on the surface roughness. First, maximum 

static friction is defined by following equation: 

 Nf sstatic μ=max,                                                         (4.23) 

where sμ  is the coefficient of static friction; N is the normal force exerted on the surface by 

the haptic tool. staticfmax,  is a force threshold value. If the tool force exerted on the contact 

point of the surface is larger than staticfmax, , the tool will slide on the surface and dynamic 

friction dynamicff , is resulted. Otherwise, the tool will drag the surface by static friction staticff , .  
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Figure 4.12 Static friction modeling 

 

The static friction force staticff ,  is not easy to calculate. It can be estimated as shown in 

Figure 4.12. In this chapter, it is assumed that the tool and the contact mass point are moving 

at the acceleration α . For the tool and the mass point, we can get following two equations 

according to Newton’s Second Law of Motion,  

 α⋅=− toolstaticfts mff ,,                                                 (4.24) 

 
α⋅= objectstaticf mf ,                                                   (4.25) 
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where tsf ,  is the tangent component of spring force as explained in Figure 4.10; toolm  and 

objectm  are the mass of the tool and the mass point of the deformable object.  Using the above 

two equations, one can calculate the static friction force by, 

 
objecttool

ts
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f
f

/1
,

, +
=                                        (4.26) 

In fact, one cannot directly get the accurate mass values. Instead, the value of objecttool mm /  

can be estimated by their density.   

4.3.3 Total spring force and torque calculation 
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Figure 4.13 Torque calculation around the pivot point of the haptic probe 

 

Given the spring force and friction force from Equations (4.20)-(4.26), the total haptic 

force f  can be calculated by the summation, 
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++=

                                     (4.27) 

The first equation is used in dynamic friction case while the second one is used when static 

friction happens. With the total haptic force, the torque τ  can be calculated as shown in 

Figure 4.13 by the following equation:  

 pvttipPPf ×=τ                                                         (4.28) 



51 

where pvttipPP is a haptic orientation vector from the haptic tip point tipP  to the haptic pivot 

point pvtP ; θ  is the angle between the pvttip PP  and f . The magnitude of τ is equal to 

θsin⋅⋅ pvttipPPf .   
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Figure 4.14 Contact forces between a haptic probe and internal heterogeneous structure 

 

Based on this force model, the user can easily feel the harder or rigid structure 

imbedded in the deformable object by using the haptic device. Figure 4.14 gives an example 

of “detecting” a hard cylindrical structure within the deformable object. When the tool is 

pushed into and moved the deformable object, spring force and friction are produced as 

shown in Figure 4.14(b). As the tool is moved very close to the cylindrical structure, a large 

force is resulted from the large stiffness of the hard material. This force prevents the tool 

motion in the moving direction. The total force on the tool tends to guide the user to move 
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upward as shown in Figure 4.14(c). The tool passes the highest point of the cylindrical 

structure as shown in Figure 4.14(d). If the tool is still pushed downward as in Figure 4.14(e), 

the user can still feel the hard structure until the tool is moved away from the cylindrical 

structure.  

4.3.4 Force model with multiple contact points 

Up to this point, only single contact point is considered in the haptic interaction force 

modelling, which is the focus of tip point of the haptic probe. Since it is very time consuming 

to detect the object-object collision in real time, single contact point is used in most haptic 

applications [Chen 2002, Ren 2006]. In virtual design and virtual prototyping, cylindrical or 

round-shaped tools are often used to design and test. In this chapter, we focus on two 

multiple contact cases: (i) line contact and (ii) surface contact.  

s
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Figure 4.15 Line contact between a haptic probe and a deformable object 
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Line contact force model is used for long cylindrical tools if their diameters are much 

smaller than their length. In this case, the tool is approximated by a line segment, which is 

used for collision detection with surface triangles of the deformable object. Forest et al. 

(2004) proposed a surgical instrument shaft and soft tissues contact model used in surgical 

simulation. We use a different method based on mass point snapping approach in our earlier 

work [Lin 2007b]. Figure 4.15(a) shows an example of the line type multiple-point contact 

between a haptic probe and a deformable object. The tool intersects with the surface model at 

point s and e. As shown in Figure 4.15(b), three mass points 1p , 2p  and 3p  on the surface are 

snapped onto the tool contact line. The contact force and torque on the tool can be calculated 

by the summation of the reaction force of each contact mass point shown as follows: 

 ∑
=

=
n

i
iff

0
                                                              (4.29) 

 ∑
=

=
n

i
i

0
ττ                                                               (4.30) 

where n is the number of contact mass point; if  and iτ  is the force and torque generated by 

each contact mass point. Contact mass points may be added or deleted during following 

deformation.  
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3p

Deformable object
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Figure 4.16 Contact between a haptic probe and a deformable object 
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If the tool shape is freeform shaped and a single point is no longer working, the tool-

object collision detection is very complex. Heidelberger et al. (2004) presented a method to 

compute consistent n-body penetration depth information to calculate the collision response. 

In this chapter, we extend the mass point snapping approach to the surface contact model. 

Our method is simpler and faster than Heidelberger’s model. Figure 4.16 shows an example 

2D illustrative diagram of the surface contact model.  Contact mass points that intersect with 

the tool are calculated by the method, such as 1p , 2p  and 3p  in Figure 4.16(a). These points 

are snapped onto the tool surface as shown in Figure 4.16(b). Similar, the contact force and 

torque are calculated based on all contact mass points by Equations (4.31) and (4.32).  More 

details of this procedure can be found in our earlier work in [Lin 2007b].   

4.4 Summary 

In this chapter, haptic force rendering and analysis are presented for virtual 

prototyping and product development. The developed heterogeneous deformable object 

modeling techniques presented in Chapter 3 can be used to model products that include soft 

materials. The presented 5-DOF haptic interface allows the user to see and “touch” the 

virtual product with soft materials in the early design prototyping stage. The presented haptic 

rendering techniques enable the possibility of using the haptic device to improve the design 

and prototyping of products. The proposed techniques can be used in product design and 

virtual prototyping, medical simulation and other virtual reality applications where soft 

materials are involved. In the next chapter, we discuss cutting simulation techniques on 

heterogeneous deformable models that can be used to modify the model topology and 

generate realistic cuts.  
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Chapter 5 

Three-dimensional Medical Cutting Simulation Techniques on 

Heterogeneous Deformable Models 

 
In this chapter, a 3D node snapping algorithm and heterogeneous deformable 

modeling are presented for surgical cutting simulation and medical applications. To handle 

the new generated surface in surgical cutting, the presented node snapping method tracks the 

cutting trajectory and modifies the topology of the deformable models without adding 

redundant elements. Interface surface between different tissue materials is constructed and 

the nodes are snapped according to the tissue material property. New set of triangles 

representing different soft tissues are generated along the new cut to represent the original 

internal structures and different tissue materials of the heterogeneous deformable objects. To 

smooth the new generated soft tissue models, a quasi-static integration algorithm is 

presented for mesh relaxation to refine the new mesh in the vicinity of the cut. A haptic force 

feedback device is integrated with the proposed surgical simulation system as the cutting 

tool. The proposed algorithms and cutting techniques of heterogeneous soft tissue models can 

be used for medical surgical simulation. 

 

5.1 Introduction 

Medical surgical simulation is an important technology for medical training and 

surgery planning applications. Cutting in real surgery is a careful step-by-step procedure to 

reach desirable cutting depth. In medical surgery, the cutting tool is very often perpendicular 

to the target surface and each movement of cutting tool is relatively simple, often short and 

straight [Mosegaard 04]. Soft tissues are typically cut not very deep at once for the sake of 

avoiding unnecessary damage to the internal healthy tissues. For example, in the middle line 

laparotomy, surgical incision routine begins with skin incision, followed by subcutaneous 
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layer incision and peritoneum incision [Fuller 86]. It is important to display the realistic 

internal structures at the cutting site as a visual clue, especially for the training and surgical 

planning purposes. Cutting simulation on soft tissues is one of the most difficult components 

of surgical simulators. The simulation of cutting operation is difficult to perform in real time 

because the topology of heterogeneous deformable objects is always being changed and a 

large amount of computation is required.  

Most cutting techniques only consider the cutting operation as arbitrary cuts into 

surface or homogeneous volumetric models [Bruyns 02, Bro-nielsen 98, Bielser 99]. In 

general, it is relatively easy to handle the topology change of surface models since only 

surface meshes are involved in cutting. Groove or gutter is often created along the cutting 

path to give the illusion of volumetric cut [Lim 04, Zhang 04]. The traditional surface based 

models are not suitable for modeling soft tissues like muscles or tumors, especially when 

internal tissues or heterogeneous mutli-layers tissues are critical for real surgical simulation. 

Cutting simulation on volumetric deformable modeling is typically implemented by 

tetrahedral subdivision along the cutting planes [Nienhuys 01, Harders 05]. These tetrahedral 

models incorporate only homogeneous material properties and cannot handle the 

heterogeneous multi-layers tissues in actual surgical applications. They are not suitable to be 

used to represent different soft tissue layers around the cutting site as observed in real 

surgery.  

In this chapter, a new method is presented to model and update topology change of 

medical surgical cutting on heterogeneous deformable models with different soft tissues 

layers for medical applications. The main efforts are focused on two major tasks: (1) 

modeling the new fresh surfaces generated by 3D cutting on deformable models to mimic the 

surgical cutting on biological soft tissues, and (2) developing topological modification 

method for cutting simulation on the heterogeneous bio-tissues.  

The remainder of this chapter is organized as follows. Section 5.2 presents the 

detailed cutting algorithms and topological modification processes on the cutting of 

heterogeneous tissue models. Section 5.3 discusses a quasi-static mesh relaxation algorithm 

for surgical cutting operation. Summary is presented in Section 5.4.  
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5.2 Cutting algorithm on heterogeneous models 

In this chapter, techniques of topological modification and 3D node snapping are 

presented for surgical cutting simulation. The proposed surgical cutting simulation algorithm 

is developed in the following four phases: (i) surface cut snapping, (ii) inside cut snapping, 

(iii) cut open generation, (iv) internal triangle generation. Figure 5.1 shows the flowchart of 

the proposed surgical cutting simulation algorithm. Details of the algorithm will be discussed 

in the following sections.  

For each cutting tool
location

Collision between
cutting tool and the model ?

No

Get the bottom cut points and
calculate the surface cut points

Yes

No

Yes

Surface cut snapping

Inside cut snapping

Cut open generation

Internal triangle generation

Simulation is
stopped

Mesh relaxation

Start

End

  
Figure 5.1 Flow chart of 3D node snapping cutting algorithm 
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For better illustration of the proposed algorithms, we first introduce some definitions 

on the heterogeneous tissue modeling (as shown in Figure 5.2):  

• Surface cut points: the model surface points where the cutting tool cuts into a 

deformable model (e.g. 1S and 2S in Figure 5.2). 

• Bottom cut points: the cutter tip points inside the model when the cutter cuts into a 

model (e.g. 1B and 2B in Figure 5.2).  

• Cutting path: the trajectory on the model surface by connecting the surface cut 

points (e.g. 21SS , and 32SS  in Figure 5.2).  

• Cutting lines: line vector defined by a pair of a bottom cut point B  and a 

correspondent surface cut point S  (e.g. 11SB  or 22SB  in Figure 5.2).   

• Cutting plane: the envelope of a series of triangular planes defined by moving the 

cutting lines along the cutting trajectory, (e.g., { 211 BBSΔ , 121 BSSΔ , 322 BBSΔ , …} in 

Figure 5.2). The movements of a cutting tool are represented by a series of cutting 

planes.  

Cutting tool

Surface cut point

Bottom cut point

Mass point

Cutting line

Cutting bottom

Cutting path

Cutting planes

S1
S2

B1
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Figure 5.2 Definitions for volumetric deformable object cutting 
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5.2.1 Surface cut snapping 

In this step, mass points close to the cutting path are snapped along the cutting path. 

The snapping approach makes some springs aligned along the cutting path, which are used to 

generate the cut opening.   
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Figure 5.3 Surface cut points sampling and mass points snapping examples 
 

(d) Degeneracy caused by intersecting all springs 

(a) Sampling points at a high speed (b) Sampling points at a low speed 

(c) Intersection points along a cutting path 

(e) Degeneracy avoided by intersecting only structural springs 
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First, surface cut points are calculated when the cutting tool intersects the model 

surface. Intersection points are dependent not on the cutting speed but the cutting path. The 

slower the cutting tool moves, the more surface cut points can be sampled. For example, 

more surface cut points are obtained at slower cutting speed in Figure 5.3(b) than those 

obtained at higher cutting speed in Figure 5.3(a). Intersection points between the cutting path 

and springs on the model surface are then calculated.  

For each intersection point, the closest mass point is snapped to the intersection point. 

As a result, some springs are displaced along the cutting path. In this method, only structural 

springs are used to calculate intersection points due to following reasons: (1) fewer springs 

are used for intersection testing to reduce the computational burden; (2) intersection with 

diagonal springs may result in degeneracy that all three vertexes of a triangle are snapped 

into the cutting line. For example, triangles abcΔ and Δabd are snapped to the cutting path in 

Figure 5.3(d) if both structural and diagonal springs are used for intersection. On the contrary, 

such degeneracy could be eliminated by allowing only structural springs for intersection and 

node snapping, as shown in Figure 5.3(e). 

In real-time applications, it is very expensive to calculate the intersection between the 

cutting path and all structural springs on the model surface. A neighboring triangle tracking 

method is introduced to keep track of triangles on which the cutting tool travels. The cutting 

tool normally moves from one triangle to another one through their shared edge. The new 

entered triangles are recorded in order for the intersection testing with the cutting path. For 

example, as the cutting tool moves from point S  to point A  in Figure 5.4(a), it moves out 

from triangle abcΔ  into triangle bcdΔ  via edge bc . Then triangles abcΔ  and bcdΔ  in order 

are recorded. The next triangle will be the neighboring triangle of triangle bcdΔ , e.g. triangle 

bdeΔ . Figure 5.4(b) shows the tracked triangles along the path from S  to E  in the order of 1 

to 7.  
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Figure 5.4 Triangle tracking along the tool path and special surface snapping cases 
 
 

During the surface cut snapping, a mass point is possibly the closest point to several 

intersection points. For instance, mass point A  in Figure 5.4(c) is the closest point to both 

intersections points B  and C . In this case, the midpoint between the first intersection point 

and the last one is calculated and the mass point is snapped to that midpoint, as point D  in 

Figure 5.4(c). However, the first and last cutting points (points S  and E ) are treated as 

special “intersection points”. The closest mass points are directly snapped to the first and last 

cutting points to ensure accurate starting and ending locations of the cut. 

Figure 5.5 shows two illustrative examples of surface cut point snapping results on 

the model surface. Smoothness of the cut is determined by the resolution of surface triangular 

mesh. After surface snapping, the cutting path now consists of a series of mass points 

connected by springs.  

(a) Cutting path and surface cut points (b) Triangle tracking along cutting path 

(c) Snapping process (d) Snapping results 
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Figure 5.5 Surface cut snapping examples 

 

5.2.2 Inside cut snapping 

When cutting a discrete mass spring model, the tip of the cutting tool may reach a 

location without mass point or spring definition. To solve this problem, node snapping 

approach on surface models is extended to 3D volumetric models. The objective is to snap 

the affected mass points and the associated springs onto the cutting planes (defined in Figure 

5.2).  

Figure 5.6(a) shows an illustrative diagram of inside cut snapping. When the cutting 

tool moves from 11SB  to 44SB , surface cut snapping is performed first. Mass points 1S , 2S , 

3S  and 4S  are snapped along the cutting path { 4321 SSSS →→→ }, as discussed in Section 

5.2.1. The inside cut snapping is performed by following two steps: 
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Figure 5.6 Inside cut snapping example 
 

 (1) Mass points are first snapped onto each cutting line, e.g. 11SB and 44SB  in Figure 

5.6(a). Mass points 1b  and 4b  are snapped to the bottom cut points 1B  and 1B . If 

there are mass points between the surface cut points and the bottom cut points 

such as 1a  between 1S  and 1B , these mass points are projected onto the cutting 

lines as a new projection point like 1A .  

(2) It is possible that some mass points exist between cutting lines such as mass 

points 2a , 3a , 2b and 3b . These mass points and the associated springs are also 

(a) Inside cut point snapping 

(b) Snapping onto a cutting plane 
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projected onto the cutting planes, such as projectiona ,2  and projectionb ,2  in Figure 5.6(b). 

First, the intersection points between the cutting bottom (e.g. 44SB ) and the 

projected springs are calculated. The closest mass points are snapped to the 

intersection points, such as 2B  and 3B . This can make sure that springs are aligned 

along the cutting bottom. The intersection points (e.g. 2B ) and their corresponding 

surface snapped points (e.g. 2S ) are connected to form the “virtual” cutting lines 

such as 22SB . “Virtual” cutting lines are not the sampling locations of the cutting 

tool and can be considered as the interpolations of actual cutting lines (e.g. 11SB ). 

At last, other projected mass points on the cutting planes are projected again onto 

the “virtual” cutting lines. For instance, projectiona ,2  is projected on the “virtual” 

cutting line 22SB  at 2A , as shown in Figure 5.6(b). 

So far the snapping method only deals with the snapping case in one soft tissue. If 

more than one tissue layers are involved in one cut, the mass point snapping is quite different 

and more complex, which will be discussed later in Section 5.2.4.  

5.2.3 Opening the cut 

After some mass points and springs are snapped on the cutting planes, the cut is 

generated by dividing the model along the cutting planes. First, snapped mass points except 

for the starting and ending points of the cut, are duplicated and located to both sides of the 

cutting planes such as mass points 1iS  and 2iS  for iS  in Figure 5.7(b). The displacement 

direction is perpendicular to the cutting path, which will be explained shortly. Then original 

snapped mass points such as mass point iS  are replaced by two new points 1iS  and 2iS . All 

springs connected to the deleted mass points are reconnected to their duplicated mass points. 

For example, springs originally connected to mass point iS  are connected to mass point 1iS  or 

2iS , depending on which side of the cutting plane they are located at. Both mass point 1iS  and 

2iS  are connected to the starting cut point S .  
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Figure 5.7 Cut opening generation process  
 

(a) Deformable model surface after surface node snapping

(b) Deformable model surface after opening the cut

(c) Cross section of the cut opening
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After some mass points and springs are snapped on the cutting planes, the cut is 

generated by dividing the model along the cutting planes. First, snapped mass points except 

for the starting and ending points of the cut, are duplicated and located to both sides of the 

cutting planes such as mass points 1iS  and 2iS  for iS  in Figure 5.7(b). The displacement 

direction is perpendicular to the cutting path, which will be explained shortly. Then original 

snapped mass points such as mass point iS  are replaced by two new points 1iS  and 2iS . All 

springs connected to the deleted mass points are reconnected to their duplicated mass points. 

For example, springs originally connected to mass point iS  are connected to mass point 1iS  or 

2iS , depending on which side of the cutting plane they are located at. Both mass point 1iS  and 

2iS  are connected to the starting cut point S .  

The original deformable model is enclosed by watertight triangular surfaces generated 

from springs on the model surface, as shown in Figure 5.7(a). After some mass points on the 

model surface are snapped, duplicated and deleted, surface triangles in the vicinity of the cut 

need to be updated. Each surface triangle consists of three springs. Triangles are updated 

according to the reconnected springs near the cut. For example, triangles NSSiΔ , MNSiΔ , and 

QMSiΔ  in Figure 5.7(a) are updated to NSSi1Δ , MNSi1Δ , and QMSi1Δ  in Figure 5.7(b), after 

iS  is replaced by 1iS  and 2iS . 

The major task of opening the cut is determining how to generate the duplicated mass 

points at two sides of the cutting planes. The displacement vector is defined on the tangent 

plane of the original mass point, such as the tangent plane P  at mass point iS  in Figure 

5.7(b). The normal of tangent plane P  at mass point iS  is calculated as the average normal of 

its neighboring triangles as follows: 

 ∑
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=
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where m  is the neighboring triangle number of mass point iS  and ijn is the normal of 

neighboring triangle j . Let iw  be the cut width at mass point iS , which can be calculated as 

follows: 

  
i
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hdcw
α−
−

=
1

   (5.2) 

where iα  is the initial surface tension ( 0.100 ≤≤ i. α ); id  is the cutting depth; ih  is the depth 

of the mass point i  from the model surface; c  is a user-defined parameter to control the cut 

width, which is dependant on the tissue viscosity. For mass point iS  on the model surface, ih  

is zero so that iw  has the maximal value as isw ,  in Figure 5.7(c). At the cutting bottom, ih  is 

equal to id  so that iw  becomes zero. Larger iα means higher surface tension and wider cut 

open.  

As shown in Figure 5.7(c), the displacement vectors of duplicated mass points can be 

calculated as follows, 
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The new positions of the duplicated mass points 1iS  and 2iS  can be calculated as 

follows, 
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This method is computationally more efficient than physically-based numerical 

integration methods since where the cut is generated by spring forces of disconnected springs. 

In physically-based integration methods, a lot of iterations are required to make the system 

converge and reach the final result. The presented method can achieve the result without 

iterations.   
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5.2.4 Internal triangle generation at the cutting site 

Incision procedures in real surgery are normally performed layer by layer with very 

small cut depths until reaching the desirable location to avoid unnecessary tissue damage. 

After the cut is opened by the method discussed in Section 5.2.3, internal triangles at both 

sides of the cut are generated to form watertight surfaces for the deformable model. Different 

soft tissues layers can be explicitly presented at the cutting site.  
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Figure 5.8 Cutting into a heterogeneous model 

(a) Cutting results of a 3D deformable object

(b) Splitting the model to show the inside details 
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Figure 5.8 shows the internal triangle generation when the cutting tool cuts from 

position 1 to position 2 on a heterogeneous model in one tool movement. The model is 

sectioned along the cutting plane (A-A plane) to show the inside details in Figure 5.8(b). 

Depending on the depth of cut, following are two cases as shown in Figure 5.9.  

Case 1: Only one tissue is cut as the cutting tool moves from 11BS  to 55BS  as shown in 

Figure 5.9(a). The cut is not deep enough to reach the second tissue (Tissue 

2). For heterogeneous models, node snapping is different near the interface 

between two soft tissues. It is possible that the cutting tool is very close to the 

interface surface but hasn’t reached the interface yet. The closest mass point 

on the interface is not snapped to the bottom cut point. In Figure 5.9(a), 

although mass point 5K  is closer to 5B  than other mass points, it is not 

snapped to 5B . Otherwise, it would indicate that the cutting tool has reached 

the interface surface. After the inside cut snapping, the cut is opened as 

discussed in Section 3.3. New internal triangles need to be generated at two 

sides of the cut. In the case that only one tissue layer is cut, internal triangles 

are generated between cutting lines and virtual cutting lines as shown in 

Figure 5.9(a). For example, new internal triangles are generated as 211 SBSΔ  

and 212 BBSΔ . Only one side of the cut is shown in Figure 5.9(a) and triangles 

are also generated similarly at the other side of the cut. 
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Figure 5.9 Different cutting cases on a heterogeneous model 

(a) Cutting only one tissue layer

(b) Cutting two tissue layers

(c) Complex cutting case
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Case 2: More than one tissue layers are involved in the cutting as shown in Figure 

5.9(b). When the tip of the cutting tool reaches 3B , it hasn’t cut into Tissue 2. 

After that, the cutting tool cuts into Tissue 2 and its tip reaches 4B and 5B  at 

Tissue 2 later. In this case, 3B  is snapped onto the interface surface. When 

the cutting tool cuts into another soft tissue and no matter how deep it is, a 

mass point of that soft tissue should be snapped to the tip of the cutting tool 

to represent the cutting depth. For example, even if the mass point 4A  is 

closer to 4B , a mass point of Tissue 2 is snapped to 4B , in order to ensure the 

correct cutting depth information. After the mass point snapping, new 

triangles are generated at both sides of the cut. Different sets of triangles are 

separated by the interface surface between different tissues.  

More complex cutting cases exist in accordance with various cutting depths as shown 

in Figure 5.9(c). These cases of cutting moving back and forth between tissue layers can be 

considered as the combinations of the aforementioned cases.  

At last, material properties are assigned to these new generated internal triangles and 

their vertices. We argue that vertices of a triangle, except for vertices on the model surface or 

an interface surface, belong to only one type of tissue in the deformable models. Material 

properties of this tissue are assigned to this triangle. For example in Figure 5.9(b), triangle 

211 SBSΔ belongs to Tissue 1 because 1B  is a mass point of Tissue 1 and 1S  and 2S  are on the 

model surface. Triangle 443 ABBΔ  belongs to Tissue 2, since 3B  and 4B  are mass points of 

Tissue 2 and 4A  is on the interface surface.  

5.3 Quasi-Static Algorithm for Mesh refinement 

Although the node snapping approach for topological modification does not increase 

the number of mesh elements, degeneracy such as smaller element size or badly-shaped 

elements may still occur after the node snapping. Degeneracy can cause system instability of 
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downstream numerical integration for the deformation simulation. Degenerated elements in 

the mass spring mesh have to be normalized, which is also called mesh relaxation.  

In the earlier work, mesh relaxation was performed as results of spring force 

interaction of disconnected springs [Choi 06]. This method is not efficient and the results are 

not really satisfiable. In this chapter, a quasi-static algorithm is developed to implement mesh 

relaxation. Brown et al (2001) and Sørensen (2006) proposed this algorithm to simulate the 

deformation behaviors of deformable objects, under the assumption of small deformation and 

high damping properties of soft tissues. This approach ignores dynamic inertial and damping 

forces to speed up the simulation. In this chapter, we develop a quasi-static algorithm for 

mesh relaxation to take advantage of its merit of quick computation.  

First, we define the mass points that need to be relaxed or adjusted. Mass points along 

cutting edges (e.g. 1iS , 2iS , 1iA  and 2iA  in Figures 5.7(b) and 5.7(c)) are fixed to maintain the 

shape of the cut. Initially, mass points neighboring to these fixed mass points such as M , N  

and Q  in Figure 5.7(b) are added to a relaxation list. As mesh relaxation starts, more mass 

points could be added into the list if their spring forces are larger than a pre-defined threshold 

value. The larger the threshold value, the wider the mesh relaxation spreads. Mesh relaxation 

process is analogous to stress energy redistribution outward from the cutting site.  

The quasi-static algorithm is performed on the mass points in the relaxation list. The 

flowchart of this algorithm is shown in Figure 5.10. The goal is to find the static force 

equilibrium for each mass point in the relaxation list at each time step, which can be 

expressed by: 

  0
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ij gf    (5.5) 

where ig  is the external force and ijf  is the total spring force. At time step t , the total force 

of mass point i  is defined as: 
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Figure 5.10 Flow chart of quasi-static mesh relaxation algorithm 
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The position of mass point i can be calculated as follows: 

  t
i

t
i

t
i Fhxx ⋅+=+1   (5.7) 

where h  is the integration step size, which can be considered as the time step; 1+t
ix  and t

ix  is 

the position of mass point i  at time 1+t  and t . h  has to be small enough to guarantee the 

integration to converge, but too small h  will cause the slow convergence. Therefore, h  

should be as large as possible while meeting the requirement of integration convergence. 

Two conditions are considered to determine upper bound for h .   

In general, the maximum integration step of h  should be smaller than the natural 

period of the spring system [Kacic-Alesic 03]: 

  
i

i
i K

mh π≤    (5.8) 

where im  is the mass and iK  is the equivalent spring coefficient of the mass spring system.  

On the other hand, if the displacement of a mass point i  is iL  from its stable position, 

the next movement should not exceed iL  to make sure that the spring force is decreasing at 

each integration step. This condition can be expressed as follows: 

  i
t
i

t
i Lxx ≤−−1  (5.9) 

If external force is ignored during mesh relaxation, total force can be calculated by 

the spring forces as follows: 

  iii LKF ⋅=    (5.10) 

Combining Equations (5.7), (5.9) and (5.10), another upper bound of ih  can be rewritten as 

follows: 

  
i

i K
h 1
≤   (5.11) 

Using Equations (5.8) and (5.11), the upper bound of integration step ih  can be found 

as follows: 

  )1,1min(
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h π≤   (5.12) 
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In case that all springs are connected parallelly, the equivalent spring coefficient 

reaches its maximum of ∑
=

=
n

j
iji kK

0
max,

, where is ijk  the spring coefficient of each single spring. 

Then, the upper bound of integration step ih  can be formulated as follows: 
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During mesh relaxation, if total spring forces of mass points in the relaxation list are 

smaller than a threshold value, these mass points are considered having reached their 

equilibrium status and removed from the list. When the relaxation mass point list is empty, 

mesh relaxation is accomplished. On the other hand, overall integration step should not go 

beyond a preset maximum step in order to guarantee real-time simulation.  

5.4 Summary 

In this chapter, cutting techniques are presented for simulating cutting on volumetric 

heterogeneous deformable models. 3D node snapping and topology modification approaches 

are presented to generate the smooth cut. The cut represents heterogeneous internal structures 

and material properties of deformable models. Mesh relaxation is preformed by a quasi-static 

algorithm to refine the meshes after mass point snapping and topology modification. The 

proposed cutting techniques can be used for surgical simulation. They can also be used to 

other virtual simulation systems when topological modification is involved. In the next 

chapter, we extend the current stand-alone haptic VR system to the collaborative haptic 

system by introducing network communication and control techniques. 
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Chapter 6 

Hybrid Network Architecture and Control Techniques for 

Collaborative Haptic Applications 

 

In this chapter, a collaborative haptic system framework is proposed by using 

distributed haptic interfaces along with deformable objects modeling. Network data 

synchronization and control problems such as network delay and jittering in communication 

have greatly limited collaborative Virtual Reality (VR) applications. The problems become 

more difficult when high-update-rate haptic interfaces and computation intensive deformable 

objects modeling are integrated into collaborative VR systems for intuitive manipulation and 

enhanced realism. A hybrid network architecture is proposed to balance the computational 

burden of haptic rendering and deformable object simulation. Adaptive artificial time 

compensation is used to reduce the time discrepancy between the server and the client. 

Interpolation and extrapolation approaches by Verlet integration are used to synchronize 

graphic and haptic data transmitted over the network. The proposed techniques can be used 

for collaborative product development, virtual assembly, remote product simulation and other 

collaborative virtual environments where both haptic interfaces and deformable object 

models are involved.   

 

6.1 Introduction 

VR technology has been playing an important role in manufacturing systems ranging 

from product design, virtual prototyping, machining planning to virtual assembly. With the 

advent of haptic technology, traditional visual-only collaborative virtual environments have 

been gradually transited to haptic-based collaborative virtual environments, such as haptic 

collaborative virtual sculpting systems, remote surgical simulators, and tele-operation 

systems. For instance in virtual sculpting systems, force and torque feedback is used to 
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identify different materials and examine their physical properties. Various haptic devices 

have been introduced to enhance the realism of VR environments by providing force 

feedback to users. 

 A few stand-alone VR systems have been developed for product design, virtual 

prototyping, virtual assembly, and surgical simulation [Lin 2007b, Ren 2006, Rabaetje 2003, 

Lin 2007a]. Recently, researchers developed collaborative virtual environments based on 

network communication technology for virtual sculpting and virtual assembly [Gunn 2006, 

Iglesias 2007]. It is prompted by the trend that manufacturing enterprises have distributed 

their design centers and manufacturing facilities all over the world to reduce cost. Using 

collaborative virtual environments, designers and manufacturing technicians can work 

together to review and analyze the product design and functions without physical presence. 

Customers can also easily participate in the whole product design and manufacturing cycle 

and interactively communicate with sales representatives or designers. They can see and even 

“feel” the virtual products by using the haptic interface over the Internet intuitively. As a 

result, collaborative virtual environments can significantly improve the product development 

quality and shorten the product development cycle. 

In our earlier work presented in [Zhu 2004b, Lin 2007e], a lab-built 5-DOF (degree of 

freedom) haptic force-torque feedback device has been developed. Figure 1 shows the haptic 

device to be used in this chapter. The lab-built haptic device consists of one probe, two 

articulated arms, six motors and the controller. When the user holds the probe and move, 

feedback force will be generated by the motors and felt by the user. This lab-built haptic 

interface can output 2-DOF torque and 3-DOF force feedback. In this chapter, different 

haptic devices besides the lab-built haptic device are integrated into the collaborative VR 

system since users at different locations may use different haptic devices. 

Most of previous work in stand-alone or collaborative VR systems considered only 

rigid objects in virtual design and manufacturing systems [Zhu 2004a, Bordegoni 2006]. In 

fact, soft materials such as foam, rubber, sponge, plastics and fabrics are commonly used in 

industrial products for decorative, ergonomic and mainly functional purposes. Duriez et al. 

[2003] used deformable objects in virtual prototyping and modeled the snap-in tasks. 
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Rabaetje [2007] integrated deformable objects like hoses or pipes into a virtual assembly 

system. Deformable object models were also used for haptic function evaluation of multi-

material part design [Yang 2005]. Deformable models can represent realistic physical 

properties of soft materials. Integrating deformable models into virtual environments can 

create more realistic simulation scenarios. In addition, more accurate force and torque 

feedback can be generated based on deformable models when haptic tools are used to touch 

soft objects.  

There are a few technical challenges to integrate both haptic interfaces and 

deformable models into collaborative virtual environments. Haptic interface usually requires 

high update rate (e.g. 1000 Hz) to guarantee smooth sensation to haptic users. Fast position 

sampling, updating and force calculation are also demanded. Network problems may cause 

instability and inconsistence of collaborative VR systems. In addition, deformable object 

simulation is notoriously time consuming, which can further deteriorate the stability of 

collaborative VR systems.  

Techniques are presented in this chapter to deal with aforementioned challenges when 

integrating haptic devices and deformable models into collaborative VR systems. Extended 

from client-server architecture, a hybrid network configuration is presented to balance the 

computation burden and control the collaborative VR system. Adaptive artificial 

compensation is applied at the server to alleviate the time discrepancy between the server and 

clients. Interpolation and extrapolation approaches derived from Verlet Integration are used 

to control and synchronize the data transmitted over the network.  

The reminder of this chapter is organized as follows. Section 6.2 discussed challenges 

of integrating deformable objects in VR systems. Section 6.3 presents the collaborative VR 

system architecture and provides the solutions for network communication problems 

involved in collaborative haptic VR systems. Section 6.4 presents the summery. 

6.2 Challenges of heterogeneous deformable object simulation  

Deformable objects modeling and simulation are important components in many VR 

systems. To better represent real products, heterogeneous structures and various material 
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properties should be modelled. In Chapter 3, a tri-ray snapping algorithm has been developed 

to generate heterogeneous volumetric mass spring models from boundary surfaces of 

deformable objects.  
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Figure 6.1 Comparison between rigid and deformable object manipulation: (a) rigid 

object; (b) deformable object 
 

Rigid object simulation is much easier regarding computational efforts. It is 

computationally expensive to simulate deformable objects in real-time collaborative VR 

systems. Specifically, numerical integration of deformable models and collision detection 

between haptic tools and deformable models are the main factors that cause the 

computational difficulty. For comparison, both a rigid object and a deformable object are 

shown in Figure 6.1. In Figure 6.1(a), a rigid object is considered as a single mass point and 

its simulation can be described as 

FXDXM
r&r&&r =+  (6.1) 

where X
r

 is the object displacement; F
r

 is the external force; M and D  are mass and damping 

parameters. Comparing to rigid objects, a deformable object consists of lots of mass points, 

as show in Figure 6.1(b). Each mass point acts like a rigid object. Deformable object 

simulation can be expressed by 
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FxDxM ii

r
&r&&r =+          i = 1, …, n (6.2) 

where ixr  is the displacement of mass point i . A medium size deformable object often 

consists of several thousand mass points. For example, the deformable model in Figure 3.4 

has more than 4000 mass points. Although not all mass points are moved by the external 

force F
r

 during the simulation, it is common that a few hundred mass points are involved in 

the computation using Equation (6.2). Therefore, the computational time of deformable 

object simulation could reach up to a thousand times longer than that of rigid object 

simulation. More details of deformable object modeling during force impact can be found in 

our earlier work presented in [Lin 2007c]. 
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Figure 6.2  Bounding volume hierarchy update of deformable objects 

 
Collision detection is another time consuming process in deformable object 

simulation. In this chapter, bounding volume hierarchy OBB (oriented bounding box) is 

applied to speed up collision detection. Figure 6.2(a) shows a hierarchical bounding box of 

an object. Mass point 1m  is originally located in 000B . The process of locating 1m  is to find 0B  

first, then 00B  and at last 000B . For rigid objects, bounding volume hierarchies do not change 

throughout the simulation. However, bounding volume hierarchies of deformable objects 

must be updated frequently. As shown in Figure 6.2(b), 1m  has been moved to 030B  by the 
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external force. To accurately locate 1m  in the afterward simulation, the bounding volume 

hierarchy needs to be updated. More details of deformable object collision detection can be 

found in [Larsson 2001].  

6.3 Architecture and control of the collaborative haptic VR system 

In this section, system architecture of the proposed collaborative VR system is 

discussed. The objective is to solve the instability and inconsistence issues caused by the 

network communication problems for the proposed collaborative haptic virtual product 

development system. Several techniques are proposed in this chapter to deal with these 

problems to support the consistency, scalability and heterogeneity of the system.  

6.3.1 Hybrid network architecture for the collaborative haptic system  

As discussed in Chapter 2, traditional client/server architecture is not ready for 

collaborative haptic application since heavy computational burden may deteriorate the 

performance of the server. The server would take charge of every time-consuming process 

such as tool-object collision detection, deformation simulation and force calculation. In 

addition, this architecture is not well scalable. As more clients join the collaborative system, 

the system performance may become worse. However, if some tasks of the server such as 

collision detection are shifted to clients, computational burden at the server could be 

significantly reduced and system scalability might be improved. 

In this chapter, we present a hybrid architecture extended from client-server 

architecture, which supports deformable models in haptic collaborative virtual environments. 

Figure 6.3 shows the architecture of the haptic-based collaborative product development 

framework. Deformable objects simulation and force calculation are performed at the server, 

while tool-object collision detection is accomplished at the client sides. Details of these 

modules are discussed as follows. 
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Figure 6.3 Architecture of the proposed collaborative haptic virtual prototyping system 

 

First, tool-object collision detection is performed at the clients (also at the server if 

the serve owns a haptic device). In collision detection, only virtual model surfaces are 

required for testing. Since surfaces of virtual objects are always available for graphic 

rendering at the clients, it is reasonable to shift collision detection task to the clients. This 

approach can decrease the computational burden of the server without causing too much 

trouble in computation at the clients. If collision occurs at a client side, collision information 
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such as collision point is sent to the server. Then the server uses this information for 

deformation simulation and force calculation.  

To maintain the data consistency of the virtual environment, deformable object 

simulation is only processed at the server. Clients copy simulation results such as new 

surfaces of deformable objects from the server. Another advantage of performing deformable 

object simulation at the server is to utilize the computational power of the high-end server. 

Meanwhile, computational requirements of clients are minimized so that even a low-end 

laptop can be used as a client. Therefore, scalability of the whole collaborative system is 

enhanced. In addition, the haptic force is actually the byproduct of deformation simulation at 

the server. It can be calculated based on the spring force of contacted mass point by the 

haptic tool.  

The simulation results such as new surfaces of deformable objects and haptic forces 

of haptic devices are sent to each client at 30 Hz for geometrical data and 1000 Hz for haptic 

force data. Because the deformation often occurs locally, only modified surface data are sent 

to clients. Local data updating can reduce the network workload greatly. When clients 

receive the updated data, corresponding surfaces of deformable objects are modified. 

Positions and orientations of haptic devices also need to be updated to show their current 

locations.  Based on the different roles of the server and clients, the proposed hybrid 

architecture has following three features: 

Consistency: deformable object simulation and force calculation are processed at the 

server. Only one data set is maintained for the collaborative system. System consistency is 

automatically guaranteed. Clients copy simulation results from the server for their own 

graphic rendering and collision detection.  

Scalability: new clients can be added to the collaborative system without bring much 

computational burden to the server. When a new client with a haptic device is added, only 

one more external force is added to the deformable object simulation at the server. The 

collision detection between the new added haptic device and deformable models will be 

performed at the new client. This will not affect the simulation efficiency of the server.   
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Heterogeneity: different types of haptic devices can be easily integrated into the 

collaborative system. Clients can have their independent collision detection and haptic render 

algorithms. They only need to provide haptic device positions and collision points if collision 

is detected.  

So far, we only consider how to balance the computation burden of a haptic-based 

collaborative system with the assumption that data transmitted over the network are sent and 

received timely and correctly. However, due to network traffic existing in most networks, 

transmitted data may be damaged, lost or out of order. In the following sections, we analyze 

common network problems and present some solutions to maintain stable and efficient 

virtual environments.  

6.3.2 Data transmission and protocols 

Lost
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Figure 6.4 Network traffic problems during data transmission 

 

Common problems in network communication include network delay, jitter (variation 

in the time it takes subsequent data packets to arrive) and packet loss, as illustrated in Figure 

6.4. These problems may cause instability and incoherency of the virtual environment due to 

the delayed or information lost. In this proposed collaborative haptic VR system, several sets 

of data are transmitted over the network: virtual object surfaces, position and orientation of 

haptic devices, haptic force data and event data such as tool-object collision information. The 
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data flow between the server and clients is shown in Figure 6.5. How to transmit these data 

over the network is determined by characteristics of these data.  

The most critical data are event data, which have to be sent accurately. For example, 

when a haptic device collides or keeps touching with a deformable object, collision 

information such as the collision point should be reliably delivered to the server and then via 

the server to all the other users. Therefore, TCP (Transmission Control Protocol) is used for 

transmitting these data. TCP can guarantee ordered data transmission, retransmission of lost 

data and discarding the duplicated data. The details of TCP can be easily found in most 

literature of network protocols such as [Tanenbaum 2002].   
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Figure 6.5 Data flow between clients and server 
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For other data, minor transmission delay or errors are acceptable for both graphic and 

haptic rendering. Such problems can be moderated by approximation approaches like 

interpolation or extrapolation. Since a large amount of these data need to be transmitted over 

the network, it is more important to minimize network traffic than to guarantee reliable data 

transmission. Instead of using TCP, User Datagram Protocol (UDP) is applied because it is 

faster and more efficient than TCP. UDP delivers the packets without the overhead of 

checking whether every packet actually arrived or arrived in order. Both geometric data of 

deformable object surfaces and haptic tools are transmitted at the graphic update rate of 30 

Hz using UDP. In addition, haptic force feedback is also sent by UDP at 1000 Hz from the 

server to each client to guarantee smooth sensation to haptic users.  

After receivers obtained data packets delivered from senders, these packets cannot be 

directly used until they are processed by data synchronization, which will be discussed in the 

coming section. 

6.3.3 Data synchronization for accurate collaboration 

Due to possible packet delay or loss during the data transmission, received data such 

as haptic device positions and deformable object surfaces have to be synchronized to 

maintain continuous and consistent visual and tactile sensation for all users. More 

importantly, data synchronization can guarantee accurate collaboration among users 

distributed all over the network. Users should see the same scene at the same time. Proper 

visual and tactile clue helps them to finish a task collaboratively. Inaccurate shape of virtual 

objects or location of other haptic devices may lead users to underact or overact on a 

collaborative task so that the goal of collaboration can never be achieved. In addition, system 

may suffer instability due to the improper behaviors of users caused by the inaccurate or 

inconsistent information. 
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Figure 6.6 Minimizing network delay by artificial time compensation  

 

Figure 6.6 shows a proposed method of minimizing the network delay by using 

artificial time compensation in the collaborative haptic network control. Time delay is 

unavoidable during the transmission over any media. Such delay could be as long as a few 

seconds over the Internet. As shown in Figure 6.6, we define the network delay as networktΔ . 

The time difference between sender and receiver sides of presenting or using the same packet 

is defined as variationtΔ . Generally variationtΔ  is equal to networktΔ  as shown in Figure 6.6(a). To 

alleviate the delay, an artificial compensation laritificiatΔ  is imposed at the sender, similar to 

the enforced delay presented in [Boukerche 2006]. The sender is enforced to delay laritificiatΔ  

before it can use the data in applications such as displaying object surfaces on the sender’s 
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screen. As a result, time discrepancy between the sender and the receiver is minimized as 

shown in Figure 6.6(b). In our earlier work [Lin 2007f], adaptive time compensation is used 

instead of the fixed compensation. Whenever the network delay is beyond a threshold value, 

the current network delay value is sent back to adjust the artificial compensation at the 

sender. Adaptive artificial can track the changing network status so as to better alleviate the 

time discrepancy between the sender and receiver.  
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Figure 6.7 Data synchronization problems in network data transmission 

 

In network control, network jitter and data loss is more harmful than pure network 

delay to the haptic collaborative virtual environment [Park 1999]. Data packets arriving out 

of original order and the loss of data packets may cause serious discontinuity in graphic and 

haptic rendering. To synchronize lost or disordered data packets, a sequence number is 

attached to each packet. Both sender and receiver sides have buffers for every data unit, e.g. 

the position of a haptic device. Most recent data packets are stored in the buffers. The buffer 

size is determined by the data estimation algorithm. The larger buffer size uses more memory 
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but can provide more accurate information for estimating lost data. In the Figure 6.7, we 

assume the buffer size is three for easy demonstration. 

Whenever a packet is generated at the sender, it is transmitted to the receiver and at 

the same time pushed into the sender’s buffer. Application at the sender can access this 

packet after the artificial compensation laritificiatΔ  to decrease the time discrepancy between 

the sender and the receiver as shown in Figures 6.6 and 6.7. At the receiver side, the received 

packets are put into buffers first. Applications retrieve data packets from buffers at specific 

update rates, e.g. 30 Hz for graphic display and 500 Hz for haptic force rendering.   

6.3.4 Data interpolation and extrapolation by Verlet integration 
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Figure 6.8 Data interpolation and extrapolation: (a) Interpolation; (b) Extrapolation 

 

Because of network jitter or packet loss, packets may not be available at the time 

requested by application.  Interpolation or extrapolation is used to estimate or predict the 

unavailable geometric data such as object surfaces or haptic motion locations. As shown in 

Figure 13, packet P3 is lost during the transmission. If P4 has already arrived at this time, P3 

can be interpolated from P2 and P4. Otherwise, extrapolation is used to estimate the data of 

P3 from P1 and P2 that are available in the buffer. Figure 13 also provides an example of 
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out-of-order packets due to network jitter. P6 is generated and sent earlier than P7. However, 

due to the network jitter, P6 is received later than P7. When P6 is requested by receiver’s 

application, it is not available. Similarly, if P7 is available, interpolation is used to estimate 

P6 out of P5 and P7. Otherwise, P6 is predicted from P5 and P4 by extrapolation. After the 

real P6 is arrived, it replaces the estimated P6. Note that, interpolation is preferred to 

extrapolation since newer packet that contains recent and more accurate information is used.   

The easiest method to estimate unavailable positional data is linear interpolation or 

extrapolation (prediction). Although it is efficient, this method is not accurate enough to 

estimate or predict the motion of objects such as the haptic devices. In most cases, objects are 

not moved at a constant speed. Several interpolation and extrapolation methods have been 

proposed to estimate the object motion based on the velocity and acceleration of the moving 

objects, such as Dead-reckoning and Newtonian methods [Capin 1997, Dyck 2004].  

In this chapter, Verlet integration method is applied to estimate delayed or lost data 

during data transmission over network. This method does not require estimating the velocity 

and it is more accurate than commonly used Newtonian methods. It can be derived directly 

from Taylor expansion of the object motion.  As shown in Figure 6.8, let )(tX  be the position 

of an object at time t . The Taylor expansion at time tt Δ+ and tt Δ−  can be written as 

follows, 
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1)(

2
1)()()( 432 tOttXttXttXtXttX Δ+Δ+Δ+Δ+=Δ+ &&&&&&  (6.3) 

)()(
6
1)(

2
1)()()( 432 tOttXttXttXtXttX Δ+Δ−Δ+Δ−=Δ− &&&&&&  (6.4) 

where )(tX& , )(tX&&  and )(tX&&&  are the first, second and third derivatives of )(tX ; )( 4tO Δ  is the 

error term. Adding Equations (6.3) to (6.4), Verlet position equation can be expressed as 

follows, 

)()()()(2)( 42 tOttXttXtXttX Δ+Δ+Δ−−=Δ+ &&  (6.5) 
In Equation (6.5), the position at the next time step tt Δ+  can be calculated from the 

positions at the previous time step tt Δ−  and current time step t , without using the 

velocity )(tX& . For the interpolation case as shown in Figure 6.8(a), we can rewrite Equation 

(6.5) as,  
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where )(tX&&  is an unknown variable. Since the acceleration of haptic device doesn’t change a 

lot at a very short time under human manipulation, )(tX&&  can be estimated by follows, 
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Substituting Equation (6.7) into Equation (6.6), the unknown )(tX  in Figure 6.8(a) can be 

interpolated by, 

)2(
2
1)(

4
5)(

4
1)( ttXttXttXtX Δ−−Δ−+Δ+=  (6.8) 

For the extrapolation case as shown in Figure 6.8(b), the unknown )(tX  can be 

estimated by previous three positions as follows, 

)()()2()(2)( 42 tOtttXttXttXtX Δ+ΔΔ−+Δ−−Δ−= &&  (6.9) 
Similarly, we estimate )( ttX Δ−&&  by,  

t
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ttXttX
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ttXttX

ttX
Δ

Δ
Δ−−Δ−

−
Δ

Δ−−Δ−

≈Δ−

)3()2()2()(

)(&&  (6.10) 

From Equations (7.9) and (6.10), the unknown )(tX  can be extrapolated by, 

)3()2(3)(3)( ttXttXttXtX Δ−+Δ−−Δ−=  (6.11) 
Verlet method offers greater stability than the much simpler Newtonian methods with 

local 4th order error )( 4tO Δ , as indicated in Equation (6.5). The time interval tΔ  is 

consistent and small (33 milliseconds for graphic rendering or 1 millisecond for haptic 

rendering) in this collaborative system. Therefore, this method offers great stability and 

accuracy.  

Figure 6.9 shows the procedure of estimating the missing data packet. When the 

simulation starts, applications retrieve the newest data from the local system. Locally 

generated data can always be acquired easily. If the data are generate remotely and sent to the 

local system, they are stored in the local buffers.  
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Figure 6.9 Flow chart of missing data estimation  
 

The first thing is to decide whether the retrieved data is the newest one requested by 

the application. The criterion is the sequence number of the packet. If the packet has the 

correct sequence number, the packet is used to the application. Due to the network delay or 

data loss, the requested packet has not arrived in the buffer yet. Then, historical data in the 

buffer are used to extrapolate or predict the missing packet by Equation (6.11). On the other 

hand, if the newer packet than the requested one arrives in advance due to network jittering, 

interpolation is used to estimate the missing data packet by Equation (6.8). In the case of 
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network delay or jittering, when delayed or jittered packets arrive late, they are used to 

replace the estimated ones in the buffer for approximating future missing data packets.  

For haptic forces, linear interpolation or extrapolation is used currently. Higher order 

interpolation or extrapolation may be considered to provide more smooth tactile sensation for 

haptic device users, which is still under investigation. 

6.4 Summery 

In this chapter, a collaborative virtual product development and virtual prototyping 

framework is presented, which integrates different haptic interfaces and heterogeneous 

deformable models. A hybrid network architecture extended from client-server architecture is 

developed to balance the computational burden between clients and the server. Several 

techniques have been presented to deal with network control problems for collaborative VR 

systems. Adaptive artificial compensation is used at the sender to compensate the time 

discrepancy between the sender and the receiver. Interpolation and extrapolation approaches 

by Verlet integration are used to synchronize the transmitted data. The proposed techniques 

can be used in collaborative product development, virtual sculpting, virtual assembly, remote 

surgical simulation and other collaborative VR applications.  
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Chapter 7 

Implementations and Results 

 

This chapter presents the computer implementations and results. In the previous 

chapters, the methodology of deformable object modeling, physically based simulation, 

medical cutting simulation and haptic-based collaborative techniques have been presented. 

Based on the proposed techniques, a surgical simulator, a product design and virtual 

prototyping system and a collaborative haptic VR system have been developed.  

7.1 System implementations 

The proposed methods have been implemented at North Carolina State University on 

a dual 2.4GHz CPU workstation with 2 GB memory and a high-end graphics card. Visual 

C++ .Net 2003 and OpenGL® library functions are used for program development. Multiple 

threads technique has been applied to deal with haptic rendering, graphics and collision 

detection respectively. A lab-built 5-DOF (degree of freedom) haptic force-torque feedback 

interface has been used for the product design and virtual prototyping. In addition, a Phantom 

Desktop device is integrated into the surgical simulation system.  

For the collaborative haptic VR system, the server is a Pentium 2.4 GHz dual-CPU 

workstation with the lab-built 5-DOF haptic force feedback device. One client is a Pentium 

P4 2.66GB desktop computer, with 512MB memory and 64 MB dedicated video card. The 

client has a SensAble Phantom Desktop, which can provide 3-DOF force feedback without 

torque feedback. The other client is a Centrino 1.66GB laptop computer, with 512MB 

memory and 64MB video memory. A 3-DOF SensAble Phantom Omni is used along with 

this laptop.  
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7.2 Examples of deformable object modeling and virtual prototyping 

The proposed heterogeneous deformable modeling and haptic force analysis 

techniques have been used to develop a product design and virtual prototyping system. The 

lab-built 5-DOF haptic force-torque feedback interface is integrated in this VR system. 

Figure 7.1 shows an example of using the lab-built haptic force device in manipulating a 

heterogeneous model to test its material properties.   

 
Figure 7.1 Setup of a virtual prototyping system with a lab-built 5-DOF haptic interface 

 
Many industrial instrument and tool handles contains soft materials like rubber or 

thermoplastic elastomers. Figure 7.2 shows a heterogeneous handle model with soft 

materials, generated by the proposed modeling techniques in Chapter 3. The haptic interface 

device can be utilized to help select proper soft materials, determine the geometry and assess 

the product function. The user can also test different commonly used soft materials on tool 

handles, e.g. rubber or sponge materials. 

Figure 7.3 shows the results of testing on these two different materials. Generally 

speaking, rubber has higher surface tension than that of the sponge material. The testing 

results show a larger deformed area on the rubber model in Figure 7.3(b) than that on the 

softer sponge material in Figure 7.3 (a). 
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Figure 7.2 A heterogeneous handle model with soft materials 

(a) sponge material (b) hard rubber material  
Figure 7.3 Comparison of deformations on different materials  
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Figure 7.4 shows a testing of moving a haptic probe across the same handler example. 

The reaction haptic response forces on the tool are calculated and shown in Figure 7.4(a). 

Figure 7.4(b) shows the much larger response haptic force at the area that the haptic probe 

reaches some internal hard material. The results indicate the capability of using haptic device 

to detect heterogeneous structures and various material properties.  

 

(a) Gliding on handle deformable surface superficially

(b) Gliding on handle deformable surface deeply

Tool
Force vectors

d
Tool motion

d

Surface
tangent line

 
Figure 7.4 Comparison of haptic response forces at different deformation levels on soft 

materials 
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Figure 7.5 shows another testing of a furniture chair design with multi layers of 

heterogeneous materials.  Furniture such as sofa, mattress and chair contains many kinds of 

soft materials from sponge, foam, fabric, leather to some plastics. One indispensable 

procedure in furniture design and manufacturing is function testing and evaluation.  Fabric 

and leather are selected as the covers of the internal soft material. In the example of testing, 

the user used the haptic device to move testing weight onto a specific location on the chair 

surface, as shown in Figures 7.5(a)-(c).  The user can change the weight in testing the same 

furniture example to assess the stiffness and integrity of the furniture product design.  

As shown in Figure 7.5, the user performed the experiment by putting different 

weights, ranging from 10 lbs to 80 lbs, on the chair seat to test the product’s stiffness and 

strength.  Figure 7.6 shows the experiment results. When the weight is around and above 80 

lbs, the weight can reach the bottom wood frame of the chair, as the XY plane indicated in 

Figure 7.5(a). Since the fabric cover has larger tension than the leather cover, the 

deformation caused by the weight is a little smaller that the leather case. Actually, the soft 

material inside the covers plays the main role of resisting compression and the strength of the 

soft seat is mainly determined by physical properties of the internal soft material.  
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Figure 7.5 Example of using the developed haptic rendering system to test and evaluate 

product design with heterogeneous deformable materials 
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Figure 7.6 Comparison of deformation testing results 

 

7.3 Examples of bio-tissue modeling and surgical simulation 

Figure 7.7 shows the lab setup of the surgical simulation prototype system with a 6-

DOF input/3-DOF output Phantom Desktop haptic device. Via the integrated haptic device, 

users can manipulate or cut the heterogeneous deformable soft tissues models for surgical 

simulation or medical training. An example of a heterogeneous deformable model is 

deformed using the haptic device, as shown in Figure 7.7. 
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Figure 7.7 Lab-setup of heterogeneous deformable object modeling and surgical 

simulation system with a Phantom haptic force-feedback device 

 

Figure 7.8 shows a general procedure of generating the heterogeneous soft tissue 

models from the input of medical image data. Using the presented techniques, a model of 

human right thigh is generated as shown in Figure 7.8. Skin, facial, femur and nine types of 

muscles are integrated into the heterogeneous thigh model. First, color medical images of 

different height sections are placed layer by layer in order as shown in Figure 7.8(a). The 

boundary curves of soft tissues and femur in the right thigh are sketched using splines as 

shown in Figure 7.8(b). From boundary curves on different layers, surface models of each 

soft tissue and femur are constructed as shown in Figure 7.8(c). Then the tri-ray node 

snapping algorithm is used to generate the mass points as shown in Figure 7.8(d). During the 

mass point generation process, a flag is set for each mass point to indicate which tissue it 

belongs to. Figure 7.8(e) shows the rendered heterogeneous deformable model.  
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Figure 7.8 Construction of a heterogeneous volumetric model from medical images 
 
 

Figure 7.9 shows a detailed heterogeneous deformable model of a human leg, 

generated from boundary surfaces. This model consists of bones and different soft tissues. 
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Figure 7.9 A heterogeneous human leg model with detailed mass points and springs  
 

Figure 7.10(a) shows a heterogeneous deformable model of human anterior wall. This 

model includes 4,248 triangles on the skin layer and totally 53,199 mass points inside the 

model. Soft tissues are indicated by different color and interface surfaces between soft tissues 

are also represented by bold lines as shown in Figure 7.10(b) and 7.10(c). A haptic tool is 

manipulated to touch the abdomen model, similar to interactive palpation on patient’s 

abdomen by medical examiners. As shown in Figures 7.10(a)-(c), an experiment is 

performed by touching the model along two paths with different depths using the haptic tool. 

When the tool is moved just underneath the skin as shown in Figure 7.10(b), there is no 

apparent force change because fat tissues are deformed slightly, which is the case of Figure 

7.10(d). When the tool is pushed deep enough as shown in Figure 7.10(c), muscles are 

involved in the deformation. Since muscles have much higher stiffness than skin and fat 

tissues, a larger force is generated and the user can feel the existence of muscles by the force 

feedback, as shown in Figure 7.10(e). Due to hand shaking during the movement, the tool 

paths show some fluctuation; so do the resulting forces.  
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(a) Deformation example of pushing a model. (b) Fat tissues reached by the tool along Tool 
Path 1. (c) Muscles reached by the tool along Tool Path 2.  (d) Response forces along Tool 

Path 1. (e) Response forces along Tool Path 2. 

Figure 7.10 Response forces when pushing model along different tool paths 
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Figure 7.11 shows an example of haptic manipulation of a human right leg model 

where bones are involved. Bones consist of hard materials and are often considered as 

incompressible. When soft tissues are pushed against the bone surface gradually, soft tissues 

will be compressed to reach their extreme. After that, these soft tissues become 

incompressible and forces will increase dramatically if the user keeps pushing against the 

model. In this case, users can feel the bone apparently via a haptic device. 

Leg

A

A

A - A

Bone

Skin

Muscle

Fascial

Figure 7.11 Deformation on an example of human leg model with rigid bones 

 

Following examples are used to demonstrate the preliminary results of the proposed 

cutting simulation. Figure 7.12(a) shows the system setup for haptic based surgical cutting 

simulation. Figure 7.12(b) shows an example of cutting a heterogeneous deformable model 

using a virtual cutting tool. During the cutting process, topology of the deformable model is 

modified. In the mean time, the model is deformed by the cutting tool. Numerical integration 

of the simulation system is based on constrained local static integration method presented in 

our previous work [Lin 07b].  
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Figure 7.12 Surgical cutting simulation system using a Phantom haptic device 
 

Figure 7.13 shows that computational time of cutting simulation is approximately 

linear to the cutting speed. It takes about 2 milliseconds at the cutting speed of about 

(a) Simulation system setup

(b) Cutting simulation using a virtual tool surgical scalpel    (c) Cutting tool locations in a cutting experiment
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70mm/second. In real surgery, the cutting speed is often smaller than this speed. The cutting 

simulation on heterogeneous deformable models can be easily achieved in real time. 
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Figure 7.13 Cutting time at an approximately constant cutting speed 

 
Figure 7.14(a) gives an example of the intersection points between the cutting path 

and structural springs on the model surface. The green square points are the intersection 

points and the red points are haptic location sampling points at each sampling time step. As 

the cutting tool moves, intersection points are calculated in real time. An example of node 

snapping on model surface is shown in Figure 7.14(b). Some neighboring mass points have 

been snapped to the green intersection points along the cutting path. Two red points are 

duplicated from each snapped green mass point. They are located on the tangent plane of 

each green point and the line segment between them is perpendicular to the cutting path.  
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Figure 7.14 Intersection and snapping examples of cutting on a model surface 
 

Figure 7.15 shows a cut opening result on the model surface. New springs are 

generated and connected to their neighboring mass points, as shown in the lower right figure. 

Internal triangles are generated to form a watertight surface as shown in Figure 7.15. 

(a) Intersection example on a model surface

(b) The snapping result on a model surface
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Figure 7.15 Arbitrary cutting result and new generated springs at the cutting site  
 

Figure 7.16 shows an example of mesh relaxation. The shape of cut is kept same and 

springs near the cut are adjusted by the spring forces. For example, spring ae becomes aE , 

which is closer to its original spring length. As a result, mass point i  is moved to point I  

since mass point a  is fixed to maintain the cut shape. After mesh relaxation, the degeneracy 

of original mass spring mesh is greatly reduced as shown in Figure 7.16(b). 
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Figure 7.16 Cutting results before and after mesh relaxation: (a) rendered surface and mesh 

before relaxation; (c) rendered surface and mesh after relaxation. 
 

Figure 7.17 compares the cutting widths at different cutting depths. The cutting width 

2W  is larger than 1W   as the cut depth 2d  is larger than 1d . The user can dynamically adjust the 

cutting depth by observing cutting width variation.  
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Figure 7.17 Cut width variation due to the cutting depth change 

 

Figure 7.18 shows the heterogeneity of a deformable model at the cutting site. Fat 

tissues and muscles are represented by different colors. Thickness of each tissue layer 

depends on geometry of the deformable model. The cutting result on heterogeneous model is 

able to provide users with most important visual feedback such as color or texture. On the 

other hand, heterogeneous material properties like stiffness on each layer can also give the 

user the tactile cue. During surgical simulation, users can easily control their cutting 

behaviors with realistic visual and haptic feedback. 
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Figure 7.18 Multiple layers at different cutting sites 

 

Figure 7.19 shows the process of cutting soft tissues on a heterogeneous model of a 

leg to expose the tibia bone. Skin and part of fascia are cut open first, as shown in Figure 

7.19(a). Then the model is cut deeper inside until the tibia is reached. Because bones are 

considered as rigid objects, they are not cut open by a general cutting tool like a scalpel. 

Users can see the intact bone surfaces and perform further surgery on bones.  

(a) Cutting into right rectus

(b) Cutting into linea alba
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Figure 7.19 Cutting results on different cutting depths 
 

Figure 7.20 shows an example of continuous cuts on a human leg model. After the 

model is cut first as shown in Figure 7.20(b), new cuts can be done on the existing cut either 

to deepen or to lengthen the cut. Figure 7.20(c) shows an example of making the old cut 

deeper. As a result, the muscle layer is exposed by the second cut. The cut is further 

deepened as shown in Figure 7.20(d). This provides users the similar function of cutting the 

soft tissues layer by layer as a surgeon does in real surgery. 

(a) Cutting into the fascia layer

(b) Cutting through the fascia to expose the bone
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(a) Original model (b) Cutting result after the first cut

(c) Cutting result after the second cut (d) Cutting result after the third cut

Skin Bone Fat

Muscle
First cut

Second cut
Third cut

 

(e) Triangle details at both sides of the cut  
Figure 7.20 Results of continuous cuts on a leg model 
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7.4 Examples of collaborative haptic VR system 

The collaborative VR system allows users to design, manipulate and modify a 

product design collaboratively at either local or remote site. Figure 7.21 shows the 

implemented collaborative haptic VR system for product development. Three users are 

operating haptic devices to design the same product collaboratively via the network. The 

handle assembly consists of a soft rubber layer and another two rigid metal components. 

Users can move each component of assembly model using their own haptic device and in the 

meantime watch other users’ operations.  

 

Network
Server

Client 1 Client 2  
Figure 7.21 Lab setup of the collaborative haptic system 
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Users can test product’s physical properties like stiffness and evaluate its functions 

intuitively. These tasks can be done individually by a single user or collaboratively by 

several users. Figure 7.22 shows an example of testing the stiffness of soft materials on the 

handle assemble. Deformation of soft materials can be observed by all users of the 

collaborative system. Haptic forces are calculated based on the material physical properties at 

the server and sent to the users who touch the virtual object. Figure 7.23 shows an example 

of assembling components via the collaborative haptic network by multiple users. Each user 

moves a component independently. During the operation, collision forces between 

components are passed to users via their haptic devices.  

 

Deformation

 
Figure 7.22 An example of testing soft material properties of a product design model 
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(a) before collaborative assembly

(b) During assembly and maneuver

(c) collaborative assembly result

Server's tool

Client1's hand

Client2's tool

 
Figure 7.23 Collaborative assembly and manipulation of an example handler model 

 

In this chapter, network emulator software NetDisturb is used to simulate network 

traffic in a local network. Figure 7.24 shows transmission time for sequential haptic 

positional data packets sending at 30Hz from the server to a client under various simulated 

network traffic conditions. A constant 200ms delay is applied to the network. Received data 
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packets are delayed about 200ms (not exactly 200ms due to real network disturbance). In 

addition, an exponentially distributed network jitter with a mean of 50ms is added along with 

constant 200ms delay to simulate the network jitter. The network jitter may result in some 

packets out of order. For example in Figure 7.24, Packet 62 (containing haptic positional 

data) was sent 30ms earlier than Packet 63. Due to the network jitter, Packet 63 arrives 

167ms earlier than Packet 62. Without data synchronization at the receiver, the haptic tool 

will move at the sequence of (61)->(63)->(62) as shown in Figure 7.25(b). The zig motion of 

the haptic tool can be easily observed at the client. 
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Figure 7.24 Data transmission time with and without network time delay 
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Figure 7.25 Haptic tool motion jittering problems 

 

As discussed before, it is important to reduce the presentation time discrepancy 

between the server and the client by using the artificial time compensation at the server site. 

Figures 7.26 and 7.27 compare the collaborative parts alignment process for assembly 

without and with the artificial time compensation. Without the artificial time compensation, 

distance between two parts on the server’s display is always smaller than that on the client’s 

display at the same time due to the network delay, as shown in Figure 7.26(a)-(b). Although 

the two parts are moved towards each other and actually aligned in Figure 7.26(c), the client 

still sees they are not aligned as in Figure 7.26(d). So the client will keep moving up its part. 

As a result, the alignment does no longer exist as shown in Figure 7.26(e). Then the server 

may move up its part again for a new alignment in Figure 7.26(g). However, the client will 

notice the unaligned assembly in his/her screen as shown in Figure 7.26(h). The client may 

move the part again to destroy the real alignment. This process may repeat a few times, 

which significantly reduces the assembly efficiency. Instead, using the artificial time 
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compensation can minimize such visual discrepancy between the server and the client. As 

shown in Figure 7.27, the scenes on the server and the client are almost the same because of 

the artificial time compensation. Both users at the server and the client can easily perform the 

assembly. 
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Figure 7.26 Parts alignment process without artificial time compensation  
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Figure 7.27 Parts alignment process with artificial time compensation 

 

To minimize the time discrepancy between the server and the client, adaptive 

artificial time compensation is enforced at the server. Figure 7.28 compares the fixed 

artificial compensation and adaptive artificial compensation. Fixed artificial compensation is 

determined by testing the network status before the simulation starts and the compensation 

value doesn’t change throughout the simulation. Adaptive artificial compensation varies 

according to recent network traffic. In this chapter, if the transmission time delay is beyond 

±20% of the moving average delay, artificial time compensation value will be replaced by 

the new time delay. As shown in Figure 7.28, the adaptive artificial delay reflects the 

dynamic network status better than the fixed artificial delay. The time difference between the 

server and clients are greatly reduced using adaptive artificial compensation.   
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Figure 7.28 Comparison between fixed and adaptive artificial time compensation 

 

Figure 7.29 and Table 7.1 show the results of positional data interpolation and 

extrapolation of a haptic device. For simplicity, only X coordinates of the haptic device are 

shown. Due to the simulated network delay and jitter in Figure 7.24, packets indicted in the 

second column of Table 7.1 are delayed and need to be estimated by interpolation or 

extrapolation. Using the proposed interpolation and extrapolation methods, most estimated 

data are accurately enough comparing to the real data with the error rate less than 1%. The 

average error rate is 1.99% for interpolation and 2.31% for extrapolation, which are 

unnoticeable to haptic users. As shown in Table 7.1, the results are not very accurate in a 

couple of cases. If the object motion is accelerated or decelerated suddenly, it is hard to 

estimate the delayed or lost packets. For example, the haptic is decelerated starting from 

packet 61 in Figure 7.29. And the estimated packets 61 and 62 are a little ahead of the real 

positions since old acceleration is used for calculation. In addition, if consecutive packets are 
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delayed or lost, the estimation results may not be good. As shown in Figure 7.29 and Table 

7.1, packets 95, 96 and 97 are delayed due to the simulated network traffic. Packet 96 is 

extrapolated from packets 93, 94 and 95 according to Equation (19). Since packet 95 is also 

estimated, the estimation error is accumulated by the consequential estimation. The more 

consecutive packets are delayed or lost, the less accurate the estimated results are. 

 

Estimating lost or delayed data by interpolation or extrapolation
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Figure 7.29 Interpolation or extrapolation results of missing haptic positional data 
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Table 7.1 Error analysis of the results by interpolation and extrapolation  

Method 
 

Sequence 
No. 

Real Data 
 

Estimated 
Data 

Error 
Rate (%)

Overall 
Average Error 

(%) 
29 -32.850 -32.847  0.01  
37 -28.768 -28.802  0.12  
40 -26.661 -26.585  0.29  
41 -26.187 -25.933  0.97  
44 -24.582 -24.607  0.10  
47 -21.893 -21.728  0.76  
51 -18.664 -18.641  0.12  
62 -7.317  -6.224  14.95  
71 1.342  1.372  2.25  
79 7.303  7.309  0.10  
86 9.160  9.148  0.14  

Interpolation 
 
 
 
 
 
 
 97 12.624 12.108  4.09  

  
  
  
  

1.99% 
  
  
  
  
  
  
  

24 -34.260 -34.560  0.87  
26 -33.500 -33.446  0.16  
61 -7.982  -7.513  5.87  
83 8.343  8.422  0.94  
95 11.981 11.787  1.62  

Extrapolation 
 
 
 96 12.345 11.806  4.37  

  
  

2.31% 
  
  
  

 

7.5 Summary 

In this chapter, some preliminary examples of the proposed techniques have been 

presented. These preliminary results show that proposed heterogeneous deformable object 

modeling and haptic related techniques can be used in surgical simulation, virtual 

prototyping and other virtual simulation systems where both accurate deformable object 

modeling and haptic interfaces are required. Combination of heterogeneous deformable 

modeling and haptic rendering techniques can enhance the realism of the virtual 

environments. Further research along this road may lead to more interesting and promising 

research results and applications.  
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Chapter 8 

Conclusions and Future Research 

 
 The main objective of this research is to investigate and develop deformable object 

(especially biological soft tissues) modeling, physically-based simulation, haptic rendering 

and haptic communication techniques. These techniques can be used for medical simulation, 

product design and virtual prototyping, and collaborative applications with haptic interfaces. 

This chapter provides some conclusion remarks and the future research. 

 

8.1 Conclusions 
 

The accomplishments of this paper are summarized as follows: 

 

 Modeling techniques of heterogeneous deformable objects have been proposed for 

medical, design and manufacturing applications. Heterogeneous volumetric mass 

spring models are generated by a tri-ray node snapping algorithm to present the 

internal geometric structures and different material properties of soft-material objects. 

A constrained local static integration method is developed for simulating the physical 

deformation by quickly finding out the equilibrium of the simulation system.  

 Haptic force rendering and analysis techniques have been presented for virtual 

prototyping and product development. Haptic force/torque feedback is calculated 

more accurately based on heterogeneous material properties. The developed virtual 

prototyping system allows the user to see and “touch” product models in the early 

design prototyping stage, which can help improve the product design and 

development.  

 Cutting techniques are proposed for simulating surgical cutting on heterogeneous 

deformable soft tissue models. Smooth and realistic cut can be generated to present 
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the internal structures and material properties of biological soft tissues. Mesh 

refinement is preformed by a quasi-static algorithm to maintain the regular shape of 

meshes after the cutting operation. The proposed cutting techniques along with 

heterogeneous deformable modeling techniques can be used for simulating real 

cutting operation.  

 Hybrid network architecture and data synchronization techniques are proposed for the 

development of the collaborative haptic VR system. Hybrid architecture can well 

balance the computational burden between the server and clients. Data 

synchronization techniques can improve the accuracy, reliability and fidelity of 

collaborative operations.  

 

Computer implementation and examples have been presented for the developed 

medical simulation and collaborative product development applications. The techniques 

presented in this dissertation can lead to more practical simulation systems in the near future. 

It is also our hope that this research can fuel more interesting haptic research and applications 

in medical, manufacturing and other engineering and science disciplines. 

 

8.2 Future Research 
 
 The proposed techniques can be further improved for simulating more varieties of 

deformable objects and achieving higher realism for VR applications. Based on the 

developed techniques in this paper, future research can be extended at the following 

directions: 

 

 The lab-built 5-DOF haptic interface can be integrated into the surgical simulation 

system to render more realistic force and torque feedback. A haptic cutting force 

model will be developed for the cutting simulation. Current haptic force feedback is 

not very smooth for the haptic users. To generate smoother haptic force feedback, 

force interpolation technique may be investigated to address this issue.  
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 It is a very difficult but important task to investigate how to incorporate real material 

properties into mass spring models. More accurate deformable models could have 

potential applications in Biology and Medicine, other than training and education 

purposes.  

 System time performance should be analyzed for the developed simulation systems. 

In these systems, real-time interaction is of primary importance, which can never be 

compromised even at the cost of losing some accuracy. In some extremely 

complicated scenarios, the systems have to be optimized or simplified to achieve real-

time simulation.  

 Some advanced Computer Graphics techniques can be applied to enhance the current 

VR systems. For example, texture mapping technique can be used to enhance the 

visual realism of surgical simulation systems. Graphics Processing Unit (GPU) may 

be researched and utilized to increase the system efficiency significantly [Sørensen 

2006].   

 

This task list is by no means a complete list. It shows that deformable object modeling 

and haptic-based simulation research may have a good expansion both in span and in depth. 

It is expected that related research will continue to boom in various engineering and science 

disciplines. 
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