


169

Figure 5.3.2: Active site of HIV protease in complex with Saquinavir.

Figure 5.3.3: Manual docking of the 3D printed plastic models of the HIV protease active
site and Saquinavir(Fig. 5.3.2).

Figure 5.3.4: Haptic-assisted simulated docking of the computer models of the HIV pro-
tease active site and Saquinavir(Fig. 5.3.2) using SensAbler Phantomr Omnir .

Figure 5.3.5: Haptic-assisted simulated docking of the computer models of the HIV pro-
tease active site and Saquinavir(Fig. 5.3.2) using Haption Virtuose6DTM 35-45.



Conclusions

Haptic-enabled assembly planning has been restrained for a long time from achieving

its full potential, due to the challenges presented by the competing objectives of

handling high geometric complexity while maintaining a response rate of 1 kHz.

Lately, the dominant direction in this area has been aligned with a hybrid ap-

proach [316,402], separating the simulation into a ‘free motion’ phase, using unilateral

(i.e., inequality) ‘physical constraints’ originated from collision detection; and a ‘fine

insertion’ phase, using bilateral (i.e., equality) ‘mating constraints’ (e.g., of geometric

and/or kinematic types) introduced artificially to limit the DOF. While the former

fail to produce dynamically stable guidance for low-clearance insertion, the latter

are either dependent on a priori manual specifications by the user, or are limited

to simple semialgebraic features (e.g., planar, cylindrical, spherical, or conical) that

can be identified automatically from CAD semantics using heuristic algorithms. The

identification of the switch criteria between the two phases, on the one hand, and

modeling the insertion constraints for different contact surface features, on the other

hand, remained an open problem for objects of arbitrary shape.

In this thesis, I proposed a novel paradigm that unifies the two modes into a single

interaction, by introducing a ‘geometric energy’ field that models collision response
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and geometric guidance for arbitrarily complex shapes. This energy function expands

the collision penalty function [270] into one that not only penalizes the configurations

with interpenetration—hence produces the repulsive collision response—but also re-

wards the configurations with high shape complementarity—hence produces the at-

tractive guidance forces. This was accomplished by formulating the energy function

as a cross-correlation of new descriptors of shape, to which I referred as the skeletal

density functions (SDF). The SDF interactions can be conceptualized as generic re-

placements for ad hoc virtual fixtures [343,344] or simplistic mating constraints, and

apply to objects of arbitrary shape. I showed that this approach automatically en-

sures a continuous transition between collision response in free movement to insertion

guidance in low-clearance or precise-fit assembly, avoiding the two-phase approach

along with its several drawbacks—including the failure to prevent collision events

outside the insertion site, and the need for blending the force feedback during the

switch. The unified paradigm provides a promising alternative direction for solving

virtual assembly problems, in general, and for haptic rendering, in particular.

Although the generality of the method inevitably imparts additional computa-

tional complexity, I demonstrated that the guidance forces and torques can be effi-

ciently computed in the Fourier domain, where the convolution converts to pointwise

product of SDF amplitudes. The SDF shape descriptors and their Fourier expansions

can be computed in a preprocessing step that takes a few minutes per part for rea-

sonable mesh and sample sizes. For real-time computations, a very small subset of

the dominant frequency domain data can be used to compute the pointwise multipli-

cation followed by an inverse FFT. The results confirm that such low-pass filtering of

the SDF information, together with the computational power offered by the modern

GPUs, enable fast evaluation of the haptic forces and torques within the available 1
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millisecond time frame during haptic assembly, with little compromise in accuracy.

Unlike the existing approaches to collision detection or constraint management

which are restricted by topological complexity (e.g., connectivity and number of

holes), geometric complexity (e.g., convexity and type of surfaces), or syntactic com-

plexity (e.g., number of triangles or voxels), the proposed method does not impose

any such restriction. Instead, it allows for a systematic trade-off between the desired

fidelity and computational efficiency regardless of the input size or complexity.

The outcome of this research is a powerful paradigm that streamlines haptic as-

sembly using spectral analysis of shape descriptors in the Fourier domain, and opens

up new promising theoretical and computational directions for VR researchers and

haptics software developers. Nevertheless, there are still several important problems

that need to be addressed to realize the full potential of this method:

• The uniform sampling required by the classical uniform FFT algorithm [102] is

not memory-efficient when large models with high levels are detail are rasterized.

A promising new direction in this aspect is provided in [20,21] using ideas from

protein docking [11] and tools such as the nonuniform FFT algorithm [323].

• Although the translational (i.e., commutative) component of the SDF convolu-

tion is handled efficiently by the Fourier methods, the rotational (i.e., noncom-

mutative) component still requires sampling and interpolation. An interesting

subject to look at in this area is the noncommutative harmonic analysis [86].

• The preliminary validation results presented in this thesis are not nearly as

strong as their counterparts presented in the literature for the currently popular

approaches. Before this method can be adopted into physics simulation engines

(PSE), a more robust implementation along with extensive testing is imperative.
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[15] J. Barbič and D. James. Time-critical distributed contact for 6-DOF haptic render-
ing of adaptively sampled reduced deformable models. In Proceedings of the ACM SIG-
GRAPH’2007/Eurographics Symposium on Computer Animation, pages 171–180, Aire-la-
Ville, Switzerland, Switzerland, 2007.
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[18] M. Behandish and H. T. Ilieş. Peg-in-hole revisited: A generic force model for haptic assem-
bly. In Proceedings of the 2014 ASME International Design Engineering Technical Confer-
ences and Computers and Information in Engineering Conference (IDETC/CIE’2014), num-
ber DETC2014-35290, pages V01BT02A041:1–10. American Society of Mechanical Engineers
(ASME), 2014.
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[145] N. Gavish, T. Gutiérrez, S. Webel, J. Rodŕıguez, M. Peveri, U. Bockholt, and F. Tecchia. Eval-
uating virtual reality and augmented reality training for industrial maintenance and assembly
tasks. Interactive Learning Environments, 23(6):778–798, 2015.

[146] N. Gavish, T. Gutiérrez, S. Webel, J. Rodriguez, and F. Tecchia. Design guidelines for the
development of virtual reality and augmented reality training systems for maintenance and
assembly tasks. In Proceedings of the International Conference (SKILLS’2010), BIO Web of
Conferences, volume 1, page 00029. EDP Sciences, 2011.

[147] R. Geraerts and M. H. Overmars. Algorithmic Foundations of Robotics V, chapter A Com-
parative Study of Probabilistic Roadmap Planners, pages 43–57. Springer Berlin Heidelberg,
2004.

[148] I. Gibson, Z. Gao, and I. Campbell. A comparative study of virtual prototyping and physical
prototyping. International Journal of Manufacturing Technology and Management, 6(6):503–
522, 2004.

[149] E. G. Gilbert and D. W. Johnson. Distance functions and their application to robot path
planning in the presence of obstacles. Journal of Robotics and Automation, 1(1):21–30, 1985.

[150] A. Gomes de Sa and G. Zachmann. Virtual reality as a tool for verification of assembly and
maintenance processes. Computers and Graphics, 23(3):389–403, 1999.



183

[151] G. Gonzalez-Badillo, H. I. Medellin-Castillo, , T. Lim, J. M. Ritchie, R. C. W. Sung, and
S. Garbaya. A new methodology to evaluate the performance of physics simulation engines in
haptic virtual assembly. Assembly Automation, 34(2):128–140, 2014.

[152] G. Gonzalez-Badillo, H. I. Medellin-Castillo, and T. Lim. Development of a haptic virtual real-
ity system for assembly planning and evaluation. Procedia Technology, 7(0):265–272, 2013. 3rd
Iberoamerican Conference on Electronics Engineering and Computer Science (CIIECC’2013).

[153] G. Gonzalez-Badillo, H. I. Medellin-Castillo, T. Lim, and V. E. E. López. Physics engines
evaluation based on model representation analysis. In Proceedings of the 2014 ASME In-
ternational Design Engineering Technical Conferences and Computers and Information in
Engineering Conference (IDETC/CIE’2014), 2014.

[154] G. Gonzalez-Badillo, H. I. Medellin-Castillo, T. Lim, J. M. Ritchie, and S. Garbaya. The
development of a physics and constraint-based haptic virtual assembly system. Assembly
Automation, 34(1):41–55, 2014.

[155] S. Gottschalk, M. C. Lin, and D. Manocha. OBBTree: A hierarchical structure for rapid
interference detection. In Proceedings of the 23rd Annual Conference on Computer Graphics
and Interactive Techniques, pages 171–180, New York, NY, USA, 1996.

[156] N. K. Govindaraju, D. Knott, N. Jain, I. Kabul, R. Tamstorf, R. Gayle, M. C. Lin, and
D. Manocha. Interactive collision detection between deformable models using chromatic de-
composition. ACM Transactions on Graphics, 24(3):991–999, 2005.

[157] N. K. Govindaraju, S. Redon, M. C. Lin, and D. Manocha. CULLIDE: Interactive colli-
sion detection between complex models in large environments using graphics hardware. In
Proceedings of the ACM SIGGRAPH/EUROGRAPHICS Conference on Graphics Hardware
(HWWS’2003), pages 25–32, 2003.

[158] D. T. Greenwood. Principles of Dynamics. Prentice-Hall Englewood Cliffs, 2nd edition edition,
1988.

[159] A. Gregory, M. C. Lin, S. Gottschalk, and R. Taylor. H-COLLIDE: A framework for fast and
accurate collision detection for haptic interaction. In Proceedings of the 1999 IEEE Virtual
Reality Conference (VR’1999), pages 38–45, 1999.

[160] A. Gregory, M. C. Lin, S. Gottschalk, and R. Taylor. Fast and accurate collision detection for
haptic interaction using a three degree-of-freedom force-feedback device. In Proceedings of the
ACM SIGGRAPH’2005 Courses, 2005.

[161] X. Guo, J. Hua, and H. Qin. Touch-based haptics for interactive editing on point set surfaces.
IEEE Computer Graphics and Applications, 24(6):31–39, 2004.

[162] A. Gupta and M. K. O’Malley. Design of a haptic arm exoskeleton for training and rehabili-
tation. IEEE/ASME Transactions on Mechatronics, 11(3):280–289, 2006.

[163] R. Gupta, T. Sheridan, and D. Whitney. Experiments using multimodal virtual environments
in design for assembly analysis. Presence: Teleoperators and Virtual Environments, 6(3):318–
338, 1997.

[164] R. Gupta, D. Whitney, and Zeltzer. Prototyping and design for assembly analysis using
multimodal virtual environments. Computer-Aided Design, 29(8):585–597, 1997.

[165] R. Gupta and Zeltzer. Prototyping and design for assembly analysis using multimodal virtual
environments. In Proccedings of the 1995 ASME Computers in Engineering Conference and
the Engineering Database Symposium, 1995.



184

[166] T. Gutiérrez, N. Gavish, S. Webel, and F. Tcchia. Multimodal Virtual Environments, chapter
Training Platforms for Industrial Maintenance and Assembly, pages 227–239. CRC Press,
Taylor & Francis, 2012.

[167] T. Gutiérrez, J. Rodriguez, Y. Velaz, S. Casado, A. Suescun, and E. J. Sanchez. IMA-
VR: A multimodal virtual training system for skills transfer in industrial maintenance and
assembly tasks. In Proceedings of the 2010 IEEE International Symposium on Robot and
Human Interactive Communication, pages 428–433, 2010.

[168] B. Hannaford and J. H. Ryu. Time-domain passivity control of haptic interfaces. IEEE
Transactions on Robotics and Automation, 18(1):1–10, 2002.

[169] P. T. Harker and J.-S. Pang. Finite-dimensional variational inequality and nonlinear comple-
mentarity problems: A survey of theory, algorithms and applications. Mathematical Program-
ming, 48(1-3):161–220, 1990.

[170] S. Hasegawa and N. Fujii. Real-time rigid body simulation based on volumetric penalty
method. In Proceedings of the 11th Symposium on Haptic Interfaces for Virtual Environment
and Teleoperator Systems, pages 326–332, March 2003.

[171] S. Hasegawa and M. Sato. Real-time rigid body simulation for haptic interactions based on
contact volume of polygonal objects. Computer Graphics Forum, 23(3):529–538, 2004.

[172] S. Hassan and J. Yoon. Haptic based optimized path planning approach to virtual maintenance
assembly/disassembly (MAD). In Proceedings of the 2010 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS’2010), pages 1310–1315, 2010.

[173] S. Hassan and J. Yoon. Intensified haptic guidance for a 3D virtual maintenance environment
optimized by an intelligent assembly planning algorithm. In Proceedings of the 11th IEEE
International Conference on Control, Automation, and Systems (ICCAS’2011), pages 676–
679, 2011.

[174] S. Hassan and J. Yoon. Virtual maintenance system with a two-staged ant colony optimiza-
tion algorithm. In Proceedings of the 2011 IEEE International Conference on Robotics and
Automation (ICRA’2011), pages 931–936, 2011.

[175] S. Hassan and J. Yoon. Haptic assisted aircraft optimal assembly path planning scheme based
on swarming and artificial potential field approach. Advanced Engineering Software, 69:18–25,
2014.

[176] V. Hayward and B. Armstrong. A new computational model of friction applied to haptic
rendering. In Experimental Robotics VI, pages 403–412. Springer-Verlag, 2000.

[177] V. Hayward, O. R. Astley, M. C. Hernandez, D. Grant, and G. Robles-De-La-Torre. Haptic
interfaces and devices. Sensor Review, 24(1):16–29, 2004.

[178] X. J. He and Y. H. Chen. A haptics-guided hole-filling system based on triangular mesh.
Computer-Aided Design and Applications, 3(6):711–718, 2006.

[179] X. J. He and K. Choi. Stable haptic rendering for physics engines using inter-process com-
munication andremote virtual coupling. International Journal of Advanced Computer Science
and Applications (IJACSA), 4(1), 2013.

[180] D. Hecht, M. Reiner, and G. Halevy. Multimodal virtual environments: Response times,
attention, and presence. Presence: Teleoperators and Virtual Environments, 15(5):515–523,
2006.



185

[181] Gentaro Hirota, Susan Fisher, and Ming Lin. Simulation of non-penetrating elastic bodies
using distance fields. Technical report, University of North Carolina at Chapel Hill, 2000.

[182] C. H. Ho. Computer Haptics: Rendering Rechniques for Force-Feedback in Virtual Environ-
ments. Ph.D. dissertation, Massachusetts Institute of Technology (MIT), 2000.

[183] K. E. Hoff III, T. Culver, J. Keyser, M. Lin, and D. Manocha. Fast computation of generalized
Voronoi diagrams using graphics hardware. In Proceedings of the 26th Annual Conference on
Computer Graphics and Interactive Techniques, pages 277–286, New York, NY, USA, 1999.

[184] K. E. Hoff III, A. Zaferakis, M. C. Lin, and D. Manocha. Fast and simple 2D geometric prox-
imity queries using graphics hardware. In Proceedings of the 2001 Symposium on Interactive
3D Graphics (I3D’2001), pages 145–148. ACM, 2001.

[185] K. E. Hoff III, A. Zaferakis, M. C. Lin, and D. Manocha. Fast 3D geometric proximity
queries between rigid and deformable models using graphics hardware acceleration. UNC-CH
Technical Report TR02-004, 2002.

[186] J. M. Hollerbach, E. C. Cohen, W. B. Thompson, R. Freier, D. Johnson, A. Nahvi, D. Nelson,
T. V. Thompson II, and S. C. Jacobsen. Haptic interfacing for virtual prototyping of mechan-
ical CAD designs. In Proceedings of the 1997 ASME Design for Manufacturing Symposium,
1997.

[187] J. M. Hollerbach, E. C. Cohen, W. B. Thompson, and S. C. Jacobsen. Rapid virtual prototyp-
ing of mechanical assemblies. In Proceedings of the NSF Design and Manufacturing Grantees
Conference, 1996.

[188] B. M. Howard and J. M. Vance. Desktop haptic virtual assembly using physically based
modelling. Virtual Reality, 11(4):207–215, 2007.

[189] K. Hrbacek and T. Jech. Introduction to Set Theory. Chapman & Hall/CRC Pure and Applied
Mathematics. CRC Press, 1999.

[190] Y. Hu, D. L. Wu, X. Fan, and X. J. Zhen. Grid-enabled collaborative virtual assembly
environment. Assembly Automation, 30(4):352–364, 2010.

[191] J. Hua and H. Qin. Dynamic implicit solids with constraints for haptic sculpting. In Proceedings
of the 2002 Shape Modeling International Conference, pages 119–129, 2002.

[192] J. Hua and H. Qin. Haptics-based volumetric modeling using dynamic spline-based implicit
functions. In Proceedings of the 2002 IEEE Symposium on Volume Visualization and Graphics
(VVS’2002). IEEE, 2002.

[193] J. Hua and H. Qin. Haptics-based dynamic implicit solid modeling. IEEE Transactions on
Visualization and Computer Graphics, 10(5):574–586, 2004.

[194] P. M. Hubbard. Interactive collision detection. In Proceedings of the 1993 IEEE Symposium
on Research Frontiers in Virtual Reality, pages 24–31, 1993.

[195] P. M. Hubbard. Collision detection for interactive graphics applications. IEEE Transactions
on Visualization and Computer Graphics, 1(3):218–230, 1995.

[196] P. M. Hubbard. Approximating polyhedra with spheres for time-critical collision detection.
ACM Transac, 15(3):179–210, 1996.

[197] T. C. Hudson, M. C. Lin, J. Cohen, S. Gottschalk, and D. Manocha. V-COLLIDE: Acceler-
ated collision detection for VRML. In Proceedings of the 2nd Symposium on Virtual Reality
Modeling Language, New York, NY, USA, 1997.



186

[198] R. Iacob, P. Mitrouchev, and J. C. Léon. A simulation framework for assembly/disassembly
process modeling. In Proceedings of the 2007 ASME International Design Engineer-
ing Technical Conferences and Computers and Information in Engineering Conference
(IDETC/CIE’2007), number DETC2007-34804, pages 1017–1027. American Society of Me-
chanical Engineers (ASME), 2007.

[199] R. Iacob, P. Mitrouchev, and J. C. Leon. Contact identification for assembly-disassembly
simulation with a haptic device. The Visual Computer, 24(11):973–979, 2008.

[200] R. Iacob, P. Mitrouchev, and J. C. Leon. Assembly simulation incorporating component
mobility modelling based on functional surfaces. International Journal on Interactive Design
and Manufacturing, 5(2):119–132, 2011.

[201] R. Iacob and D. Popescu. Generation of disassembly directions based on component mobility.
Studies in Informatics and Control, pages 1220–1766, 2013.

[202] R. Iacob, D. Popescu, and P. Mitrouchev. Assembly/disassembly analysis and modeling tech-
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