An Approach to Rapid Manufacturing with Custom Fixturing

Mark Bloomenthal

mark-b@think3.com

Richard Riesenfeld

rfr@cs.utah.edu

Elaine Cohen

cohen@cs.utah.edu

Russell Fish

fish@cs.utah.edu

Samuel Drake

drake@cs.utah.edu

Department of Computer Science University of Utah^�

Abstract

We present an approach for automatically generating complete process plans, including fixturing and CNC code, from high level shape feature part descriptions. The demonstration system is targeted at a broadly useful class of machined prismatic parts which includes sculpted exterior profiles and features requiring four and five axis indexing for manufacture. The approach introduces a set of process plan templates which are schemas for a family of process plans embodying a variety of fixturing strategies. The knowledge built into the process plan templates can adapt existing part hole features to be used for fixturing, can modify the workpiece to enable fixturing, and can create custom fixturing components for stages of the process plan. The process plan template system automatically transforms a given part design into a complete process plan. The user can provide optional guidance for this transformation and also can edit the resulting process plan to further extend the usefulness of this approach through customization. Domain knowledge in the process plan then automatically generates CNC code for a target machining center.

This research is implemented as an experimental subsystem within our Alpha 1 modeling and manufacturing testbed environment, and has been used to design and manufacture working components for outside client applications.

�Authors’ current addresses: M. Bloomenthal, think3design, 2120 South, 1300 East, Suite 202, Salt Lake City, Utah 84106; R. Riesenfeld, E. Cohen, R. Fish, S. Drake, Department of Computer Science, University of Utah, 50 South Central Campus Drive, Room 3190, Salt Lake City, Utah 84112-9205.

1 Introduction

This paper reports recent research on an experimental system for automated manufacturing with custom fixturing. In this approach, high level feature-based shape models are transformed automatically into process plans from which CNC code for target machining centers is then derived automatically. This approach is targeted initially at parts with 2.5 D features including sculpted exterior profiles and features requiring four and five axis indexing for manufacture. This part class has great practical utility and can be used to build very complex assemblies.

Our experimental system uses a method for automated manufacturing based on a new notion called a process plan template (PPT). The PPTs are schemas for a family of process plans. A PPT encapsulates knowledge for an approach to manufacturing, including fixturing strategies as an integral part, that is applicable to a class of amenable parts.

The PPTs serve as a repository of manufacturing knowledge that can allow designers with little or no manufacturing experience to produce functional parts from their designs. For the designer knowledgeable of manufacturing, the approach serves to lessen the time required to specify the details of conceptually straightforward manufacturing and fixturing techniques, freeing the designer to spend more time on the higher level aspects of the design. Allowing expert designers to shape the resulting process plans, by providing optional guidance for the PPTs, further extends the usefulness of the approach.

The effectiveness and efficiency of a manufacturing approach depends on many criteria such as lot size, material costs and efficient material use, material handling, tooling and fixturing costs, machine tool run time, number of development cycles, and so on. For very large lot sizes it is worthwhile spending a great deal of time and effort to minimize material waste, number of setups, and machine tool run time. For prototypes and small lots the designer’s time, and the total turnaround time from part order to part completion, are likely to be more important than machining time and material costs. The approach described here holds promise for keeping the designer’s time to a minimum and has proved to be quite applicable for quick turnarounds on prototypes and small lots. Further, the manufacturing process plans produced by the PPTs are reasonable, if not optimal, with respect to material use and machine tool run time.

2 Background

To automate the manufacturing process it is necessary to analyze the manufacturability of a product and then actually to produce process plans and CNC tool paths. Both of these aspects require extensive geometric computation and reasoning capabilities and research into their automation is ongoing. Approaches have had two distinct thrusts. One is to guarantee that a design is manufacturable as it is created. The other is to create a design and then to evaluate and rate its manufacturability. There is research that exists across the spectrum between these approaches. For a general overview and survey of the state of manufacturability analysis, see [18].

One approach to guaranteeing manufacturability is to design using manufacturing features; a parameterized volumetric template that represents the solid volume removed from a workpiece by a single machining operation with a single cutting tool in one tool setup. This clearly has its limits since it embeds a single machine’s process within the model. See [9, 10] and more recently [21].

Post design manufacturability analysis usually is performed on feature-based models. Most current CAD systems are either not feature-based or use features that do not contain sufficient information pertinent to this analysis. For this reason there is significant research into feature recognition for manufacturing analysis [20, 16, 24, 23]. Other research decomposes the geometric model into basic removal volumes [17, 26]. Automating process planning is a separate research topic. It is closely related to manufacturability analysis since most analysis approaches require process planning information. This information is either assumed by the analysis package or is generated as a set of alternatives by the package [19].

Process planning involves process selection, determining precedence constraints, including accessibility [29, 13], fixturability and setup planning, determination of machining operations, tool selection, CNC code generation, feeds and speeds specification, and plan evaluation. There are other considerations for avoiding cutting tool and tool holder interference with the workpiece and fixturing. For example, in [19] removal and accessibility volumes are used to formalize interference conditions for both the tool and tool holder with the workpiece, while [2] uses a similar approach to determine interference-free access directions for features. Solving problems in each of these topics are major research issues. The interdependencies in these issues makes automating process planning an extremely difficult problem for arbitrary parts.

The two most common approaches to computer-aided process planning are variant and generative process planning [6, 28]. Variant process planning techniques are used to retrieve and modify existing process plans based on classification schemes for families of parts. Generative process planning uses part features to generate process plans directly.

Integral to the process plan is a strategy for securely holding the workpiece in each setup as it is being machined. Fixturing design can be divided into planning and configuration tasks. Fixture planning determines sites on the workpiece that can be used to constrain and support it during machining. Systems use a variety of techniques to accomplish this including consideration of geometry, kinematics, deformation, and positional sensitivity [4, 8, 12, 3]. Fixture configuration involves the selection and location of fixturing elements to constrain the workpiece. Much of the research in fixture planning and configuration has assumed the use of modular fixturing systems, in combination with common elements such as vises and clamps, in lieu of custom fixturing. See [22, 12] for recent work in this area.

Automatic toolpath generation, for both roughing and finishing passes, is an important issue in the creation of process plans. This is an area of significant ongoing research in the field.

3 Approach

3.1 Overview

The system we present in this paper currently can take feature-based part designs from two different sources as input. The user can create designs with another experimental research system using a unique gestural interface which exploits familiar pencil and paper sketching paradigms [30, 5]. That system produces three-dimensional geometry which it automatically and continuously transforms into a parallel mechanical feature-based model of the design. Since the user interface abstracts away many of the details of manufacture, this approach is especially appropriate for users with little or no manufacturing experience. Users also can create feature-based models directly with an interpreted modeling command language which allows the use of the full set of features and constructions available in the underlying Alpha 1 CAD/CAM modeling system [1].

Regardless of the route used to produce the model, input to the PPT system is an unordered set of features representing the part we desire to manufacture. One feature in this set is assumed to define the positive volume for the overall shape of the part. This feature can be specified either as a block stock or profile side object (see below), or as a surface of extrusion. The other features in the set are currently restricted to negative volume (subtractive) features which are each, ultimately, decomposable into a series of subtractive machining operations.

The input part design is assumed to belong to the target class of parts. This class consists of piecewise three-axis prismatic parts which include sculpted exterior profiles and features requiring four and five axis indexing operations for their manufacture. It is assumed that part designs conform to the design rules for the given PPT. Such design rules include tool accessibility constraints, tool and fixturing interference checks, part dimension restrictions, length-to-diameter ratios for milling cutters and drills, etc. [5]. Checks for conformity are performed in a preprocessing step. The system can analyze the model and choose the most appropriate PPT based on overall part shape and features present, or the user can specify the PPT to be used. Guided by the PPT, a process plan is then generated automatically from the features. The process plan specifies a sequence of stages, each of which corresponds to a machining setup and includes an ordered set of features to be manufactured, an orientation for the workpiece, and the fixturing specification for that stage. The features present in the complete process plan represent either a) unaltered features from the original design that have been sorted into specific stages, b) features from the original design that have been modified to support fixturing or other operations integral to the process plan, or c) new features created by the PPT to support fixturing.

CNC code for a target machining center is then created automatically from the process plan using a commercially available system [14, 15]. The CNC code includes tool selection, feeds and speeds, and tool paths. The machining center operator need only prepare and load the stock and cutting tools.

3.2 Mechanical Features

The term features has been used in a variety of ways by various authors. Often it is used to denote a geometric model of the volume of material to be removed by a single cutting tool during a machining process. Our mechanical feature objects are higher level, and more like those described in [25, 27] in that they contain multiple levels of abstraction. These objects represent designs for functional shapes in the language of mechanical engineering, including slots, holes, bores, pockets, grooves, bolt hole circles, and many others [11, 7, 1]. Besides serving as high level design elements for shape models, these objects also encapsulate domain knowledge. They contain rules for decomposition into low level single tool machining features which, in the context of a process plan, are then further transformed into CNC code fragments with cutting tools selected, and spindle speeds and feed rates calculated.

In the context of the PPTs, mechanical feature objects include positioning and orientation information that can be used for geometric sorting, as well as other detailed shape information like, for example, chamfers, threading, manufacturing tolerances, draft angles, and pocket bottom radii.

The outer shape of a part design, as provided to the PPTs, is specified by a surface of extrusion, or one of the following two features:

block stock feature: Parts will be machined from rectangular blocks of metal or other machinable materials such as plastic. A block stock feature represents the position and dimensions of this block. profile side feature: The outer profile shape for an extruded part and the depth of the extrusion are given by this feature.

4 Process Plan Templates

The PPTs are schemas for a family of stereotyped process plans that encapsulate manufacturing domain knowledge including several different fixturing strategies. Using the feature set that describes the design as input, the templates guide the creation of complete process plans for manufacturing the finished part. This approach is a hybrid between generative and variant process planning methodologies, the two most common approaches to computer-aided process planning.

The process plan template strategy combines geometric sorting, modifying input features, and creating new features or components. The user in turn can provide additional guidance for the templates (see section 5 below).

Four and five axis indexing operations are supported to simplify fixturing and reduce the number of stage setups. Each of these indexing operations is, conceptually, a three-axis part subprogram, executed at an arbitrary orientation. Four-axis indexing operations require, at a minimum, a three-axis machining center with a numerically controlled rotary table. Three templates, A, B, and C, are detailed to give concrete examples characterizing our approach. Template A is used for parts that have rectangular footprints, or outlines. Templates B and C represent alternative approaches for fixturing parts that have non-rectangular outlines. The choice of template is based on overall part shape and the presence or absence of hole features that can be used for fixturing.

4.1 Template A

This process plan is for parts with rectangular outlines. Features may appear on any of the six faces of the part block with all fixturing done in a machinist’s vise that is attached to the bed of the machining center. The individual stages of the process plan for this template correspond to the faces of the part block.

Stage 1: Part block preparation. The part block is rough cut and then planed to the correct dimensions.

Stage 2 - Stage 7: Part top, bottom, front, left, back, and right. These stages correspond to the part block faces in the above order. The part block is clamped in the vise, with each face upward in turn.

The process plan for this template is created from the input feature set by geometric sorting based on feature orientation.

4.2 Template B

This template provides one alternative for manufacturing parts that have non-rectangular outlines, where a vise alone is inadequate for fixturing. Template B involves the manufacture of a custom fixturing plate to hold the workpiece while the exterior profile of the part is machined. This template is appropriate for designs with through holes in the part top that can be used to hold the workpiece against the fixture plate during this stage. The full set of stages for this template follows. Note that stages 2 and 3 of this template represent the recursive application of template A for the fixture plate.

Stage 1: Part and fixture block preparation. The dimensions for these blocks are determined automatically from the input features. The X and Y dimensions are extended to allow for continuous cutting of the part’s outer profile.

Stage 2: Fixture plate bottom. If four or fiveaxis indexing features are present in the part design, then special fixturing is required on the bottom of the fixture plate for use during stage 7.

The fixture plate block is clamped in the vise with its bottom face upward. A set of reamed and tapped holes is machined to accept dowel pins and bolts during stage 7.

These features are created by the PPT to hold and register the fixture plate against the adaptor plate used in stage 7. The positions for the holes created in this stage are determined automatically by the system to allow mating with the adaptor plate and so as not to interfere with the (possibly through) holes to be made in the fixture plate during stage 3.

Stage 3: Fixture plate top. The block for the fixture plate is clamped in the vise and details for the fixture plate top face are machined. These internal details will accept fasteners used to hold and accurately register the part block against the fixture plate during stages 6 and 7. See section 5 for more details. Features for this stage are generated automatically from the part description.

Stage 4: Part bottom interior details. The part block is clamped in the vise with its bottom face upward. Any features on the bottom of the part are then machined.

Stage 5: Part top interior details. The part block is clamped in the vise with its top face upward. Internal details of the part accessible from the top face are then machined.

Stage 6: Part exterior profile. The fixture plate from stage 3 is clamped in the vise (or mounted to the rotary table for five-axis milling – see next stage). The part workpiece from stage 5 is then attached to the fixture plate using a combination of bolts, dowel pins, and shoulder bolts (see section 5 below). The external profile cuts are then made to the part workpiece. The fixture plate is used in this stage to raise the part block sufficiently to prevent these cuts from interfering with the vise (or rotary table).

Stage 7: Part four and five-axis indexing operations. The part workpiece remains affixed to the fixture plate, which is now mounted to the rotary table using an adaptor plate. The adaptor plate accurately locates the workpiece relative to the rotary table axis. Mounting to the adaptor plate is accomplished using two bolts and two dowel pins inserted into the bottom of the fixture plate. Four and five axis features are then milled in the workpiece. Five-axis features must have orientations within 90 degrees of the plane normal for the part block top face.

Note that for five-axis milling, stages 6 and 7 are combined into a single stage requiring a single setup on the rotary table. The general purpose adaptor plate used during this stage can be manufactured using template A or B.

4.3 Template C

An alternative fixturing approach is provided for parts with non-rectangular outlines when there are no hole features that can be adapted for fixturing in the part design. This approach involves extending automatically the thickness of the part block feature so that the block can be held in the vise by its extended (sacrificial) portion while the part profile is being cut. The part will then be turned over and the extension removed.

The full set of stages for this template is as follows:

Stage 1: Part block preparation. As in template B, the dimensions for the block are determined from the overall part shape. Extensions in the X and Y dimensions are used to allow for continuous cutting of the part’s outer profile. The depth of the block is extended for fixturing in stages 3 and 4.

Stage 2: Part bottom rotary stage fixturing. If four or five-axis indexing features are present in the part design, then special fixturing is required on the bottom of the part block for use during stage 4.

The part block is clamped in the vise with its bottom face upward. A set of reamed and tapped holes is machined to accept dowel pins and bolts during stage 4.

These features are created by the PPT to hold and register the part block against the adaptor plate used in stage 4.

Stage 3: Part top interior details and exterior profile. The part block is clamped in the vise using only the bottom extended portion of the block (or mounted to the rotary table for five-axis milling – see next stage). Internal details for the part top are cut. Then the external profile cuts are made to the outside of the part. The bottom extension of the block is used to prevent any of these cuts from interfering with the vise (or rotary table).

All through part features, including the exterior profile sides, are extended automatically in depth so that the features remain cleanly cut after the bottom of the block has been planed off in stage 5.

Stage 4: Part four and five-axis indexing operations. The part block is mounted to the rotary table using an adaptor plate. The adaptor plate accurately locates the workpiece relative to the rotary table axis. The block is mounted using two bolts and two dowel pins inserted into the bottom of the part block. Four and five axis features are then milled in the workpiece. Stage 5: Part bottom. The part block is clamped in the vise with its bottom face upwards. The extended portion of the block bottom is planed away. Any features on the bottom face of the part are then machined.

Note that for five-axis milling, stages 3 and 4 are combined into a single stage requiring a single setup on the rotary table.

5 Advanced User Guidance

In some situations the process plans produced by the templates may be correct, but not exactly what the user desires in some details. To extend the usefulness of this system, users can provide guidance for the templates to modify the resulting process plans. This guidance takes the following forms:

Change system parameters: System parameters that influence process plan generation can be changed by the user. These parameters include cutter clearances, block stock X, Y, and depth extensions, four and five-axis fixturing grid dimensions, diameters and thread pitch for fixturing fasteners, through feature extensions, and fixture plate thickness.

Change coordinate systems: The overall part position and orientation can be changed to allow for easier manufacturing. Coordinate systems for individual stages produced by the templates also can be modified.

Specify fastener options for fixturing: Process plan template B recognizes existing part hole features that can be used for fixturing. These features include through holes that have axes aligned with the negative Z direction and that have diameters appropriate for the standard fasteners used. These hole features are machined in the part block during stage 5 of template B. These hole features also can give rise to features in the fixture plate for possible use during stages 6 and 7. Possible fixturing uses for these holes are designated as follows.

don’t use: The hole feature will not generate any features for the fixture plate and will not be used for fixturing during stages 6 and 7.

use shoulder bolt: The hole feature will generate a corresponding counter drilled tapped hole in the fixture plate. The hole in the part block will be used in combination with the generated hole in the fixture plate to accept a shoulder bolt that both holds and registers the part block against the fixture plate during stages 6 and 7. The depth of the counter drilled section is discretized so that standard length shoulder bolts may be used.

use bolt: The hole feature will generate a corresponding drilled and tapped hole in the fixture plate. The hole in the part block will be used in combination with the generated hole in the fixture plate to accept a standard bolt that will hold the part block against the fixture plate during stages 6 and 7.

use dowel pin: The hole feature will generate a corresponding hole in the fixture plate. Both the hole in the part block and the hole in the fixture plate will be reamed to a very high tolerance and used in combination to accept a dowel pin that will accurately register the part block against the fixture plate during stages 6 and 7.

By default, all hole features that can be used for fixturing will be used to accommodate shoulder bolts as fasteners. The user can change this default to any of the other three options given above. The user also can easily set the fixturing fasteners used on an individual hole by hole basis. Thus the user can specify, for example, a combination of standard bolts and dowel pins for fixturing.

The system will warn the user if the part hole features designated for fixturing are not the correct diameter to accept standard fasteners.

Add features to any stage: The user can provide additional features from the modeler that are appended to any stage of the finished process plan. The system will check the alignment of these features and warn the user if they cannot be machined during the specified stage. Otherwise the system makes no modification of these features.

Specify jaw inserts: Template C requires a final stage where the extended portion of the part block is planed off. The part block is inverted and then clamped in a machinist’s vise to accomplish this. Not all part shapes lend themselves to this approach. Some parts may require inserts placed in the jaws of the vise that conform to the part shape on one side and are flat to mate with a vise jaw on the other side. The user can specify a portion of the outer shape of the part to be used to generate automatically a part description for the inserts. The part descriptions can then be used to create process plans for manufacturing the inserts by recursively invoking process plan template C.

6 Results

Figure 1 shows the finished workpiece for a template B part mounted on the fixture plate used to cut the outer profile part shape. The fixture plate was generated automatically from the part description. Figure 2 shows a part design requiring template C for manufacture. The machined workpiece after stage 4 of the template is also shown. The full sequence of stages for this part is depicted in Figure 3.

Figure 1: Engine mounting bracket using template B for manufacture. The finished workpiece is shown mounted on the automatically generated fixture plate.

7 Conclusions

This paper has presented encouraging results of ongoing research in automated manufacturing. Process

Figure 2: Mounting bracket for a small video camera using template C for manufacture. Left: feature model. Right: workpiece fixtured for four-axis milling.

plan templates guide the automatic generation of process plans from feature-based models. These templates represent schemas for a family of process plans that include fixturing as an integral part. This approach helps designers produce functioning machined parts from their designs without requiring extensive manufacturing experience. For designers knowledgeable of manufacturing, this approach helps minimize the time required to design fixturing details which would otherwise have to be specified in full. Such users can shape the resulting process plans further by providing optional guidance for the templates. The system currently works with a class of non-trivial prismatic parts that have wide practical use. Further, the templates require fairly standard tooling and embody standard manufacturing practice. This makes the templates widely applicable to the resources of many manufacturing facilities. Although the process plans produced by the templates do not represent strategies which are optimal by certain criteria, such as machine tool run time and material use, we believe this approach is viable for production of prototypes and small lots; cases where optimal use of the designer’s time is of crucial importance.

The current set of templates allows the manufacture of a useful class of parts. We also feel that these templates are evocative of an approach that can be further generalized. Recent work has focused on extending the present templates and developing new ones, thus extending the part class that can be manufactured with this approach.

Acknowledgments

This work was supported in part by the NSF Science and Technology Center for Computer Graphics and Scientific Visualization (ASC-89-20219) and DARPA

(a)

(b)

(c)

(d)

Figure 3: Depiction of full process plan for the part of Figure 2. Dark line around workpiece indicates extended portion of part block. (a) Part bottom fixturing (stage 2). (b) Part top details (stage 3). (c) Part four-axis details (stage 4). (d) Removing block extension (stage 5). Tool approach direction is from the top in these figures.

(F33615-96-C-5621). All opinions, findings, conclusions or recommendations expressed in this document are those of the authors and do not necessarily reflect the views of the sponsoring agencies.

References

[1] Alpha 1 Research Group, University of Utah. Alpha 1 User’s Manual, 1999.

[2] D.C. Anderson and T.C. Chang. Geometric reasoning in feature-based design and process planning. Computers & Graphics, 14(2):225–235, 1990.

[3] A. Armillotta, G. Biggioggero, Q. Semeraro, G. Moroni, and W. Polini. Tolerance control in workpiece fixturing – DETC99/DFM-8902. Proceedings of ASME Design Engineering Technical Conferences, September 1999.

[4] H. Asada and A. By. Kinematic analysis of workpart fixturing for flexible assembly with automatically reconfigurable fixtures. IEEE Journal of Robotics and Automation, pages 86–93, June 1985.

[5] M. Bloomenthal, R. Zeleznik, R. Fish, L. Holden, A. Forsberg, R. Riesenfeld, M. Cutts, S. Drake, H. Fuchs, and E. Cohen. Sketch-N-Make: Automated machining of cad sketches – DETC98/CIE-5708. Proceedings of ASME Design Engineering Technical Conferences, Computers in Engineering, September 1998.

[6] Tien-Chien Chang and Richard A. Wysk. An Introduction to Automated Process Planning Systems. Prentice Hall, Inc., Englewood Cliffs, New Jersey, 1985.

[7] Byung Sung Cho. Rule based process planning system for hole feature machining. Master’s thesis, University of Utah, Department of Computer Science, August 1989.

[8] Y. Chou, V. Chandru, and M. Barash. A mathematical approach to automatic configuration of machining fixtures: Analysis and synthesis. Journal of Engineering for Industry, 111:299–306, 1989.

[9] M. Cutkosky and J. Tenenbaum. A methodology and computational framework for concurrent product and process design. Mech. Mach. Thyeory, 25(3):365–281, 1990.

[10] M. R. Cutkosky and J. M. Tenenbaum. Toward a framework for concurrent design. International Journal of Systems Automation: Research and Applications, 1(3):239–261, 1992.

[11] Samuel Drake and Samuel Sela. A foundation for features. Mechanical Engineering, 111(1):66–73, January 1989.

[12] J. Echave and J. Shah. Automatic set-up and fixture planning for 3-axis milling – DETC99/DAC- 8571. Proceedings of ASME Design Engineering Technical Conferences, September 1999.

[13] G. Elber and E. Cohen. Arbitrarily precise computation of gauss maps and visibility sets for freeform surfaces. Proceedings of the Third ACM/IEEE Symposium on Solid Modeling and CAD/CAM Applications, 1995.

[14] Engineering Geometry Systems, Salt Lake City. FeatureCAM User’s Manual, 1999.

[15] Russell Fish, Samuel Drake, Elaine Cohen, and Richard Riesenfeld. Feature-based process planning for CNC machining. Technical Report UUCS-98-001, University of Utah, Department of Computer Science, Salt Lake City, Utah, 1998.

[16] R. Gadh and F. B. Prinz. Recognition of geometric forms using the differential depth filter. Computer Aided Design, 24(11), November 1992.

[17] D. Gaines, C. Hayes, and Y. Kim. Negative volume to process methods mapping for cad/capp integration. Proceedings of IJCAI Intelligent Manufacturing Workshop, 1995.

[18] S. K. Gupta, D. Das, W. C. Regli, and D. Nau. Automated manufacturability analysis: A survey. Research in Engineering Design, 9(3), 1997.

[19] S. K. Gupta and D. Nau. Systematic approach to analyzing the manufacturability of machined parts. Computer-Aided Design, 27(5):323–342, 1995.

[20] Mark R. Henderson. Extraction of Feature Information from Three-Dimensional CAD Data. PhD thesis, Purdue University, West Lafayette, IN, 1984.

[21] S. Krishnan and E. Magrab. An integrated dfm system for milling. Proceedings of the 1997 ASME Design for Manufacturing Conference, 1997.

[22] W. Ma, Z. Lei, and Y. Rong. Fix-Des: A computeraided modular fixture configuration design system – DETC97/CIE-4281. Proceedings of ASME Design Engineering Technical Conferences, September 1997.

[23] W. Regli, S. Gupta, and D. Nau. Interactive feature recognition using multi-processor methods. Proceedings of the 1995 ASME Computer Integrated Design Conference, 1995.

[24] William C. Regli, Satyandra K. Gupta, and Dana S.

Nau. Feature recognition for manufacturability analysis. Proceedings of the 1994 ASME Computers in Engineering Conference, 1994.

[25] Jami J. Shah and Martti Mäntylä. Parametric and Feature-Based CAD/CAM. John Wiley & Sons, Inc., 1995.

[26] Y. Shen and J. Shah. Feature recognition by using HSPCE volume decomposition, recomposition, and classification. Journal of Mechanical Design, ASME Transactions, 1998.

[27] A. Vieira. Consistency management in feature based parametric design. Proceedings of the 1995 ASME 9th International Conference on Design Theory and Methodology, pages 977–987, 1995.

[28] H. Wang and J. Li. Computer-Aided Process Planning, volume 13 of Advances in Industrial Engineering. Elsevier, 1991.

[29] T. Woo. Visibility maps and spherical algorithms.

CAD, 26(1), 1994.

[30] Robert C. Zeleznik, Kenneth P. Herndon, and John F.

Hughes. Sketch: An interface for sketching 3d scenes. Computer Graphics (SIGGRAPH ’96 Proceedings), pages 163–170, August 1996.