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This paper describes a computer-aided design for design of the concave globoidal cam with cylindrical rollers and indexing turret follower. Three models with different modeling methods are made from the same input data. The input data include some basic dimensions of the globoidal cam system and a table of angular input and output displacements of the cam and the follower. The cam model must have no interference with the rollers when their motions are simulated in assembly conditions. In this study, Pro/ENGINEER® Wildfire 2.0 is used for modeling the cam, simulating motions and checking interference and errors of the system.

Globoidal cam mechanisms are widely used in industry. Compared to other camfollower systems, the globoidal cam-follower mechanisms have many advantages, such as: compact structure, high loading capacity, low noise, low vibration, and high reliability. They are widely used in machine tools, automatic assembly lines, paper processing machines, packing machines, and many automated manufacturing devices.

In term of the shape, globoidal cam is one of the most complicated cams. Up to now, many efforts have been made in finding the way to describe the complicated surfaces of the globoidal cam. [START_REF] Yan | Geometry design and machining of roller gear cams with cylindrical rollers[END_REF][START_REF] Reeve | Cam for industry[END_REF][START_REF] Yan | Geometry Design of Globoidal Cams With Generalized Meshing Turret-Rollers[END_REF] derived mathematical expression for the surface geometry of globoidal cam with cylindrical, conical and hyperboloid rollers, based on coordinate transformation, differential geometry, and theory of conjugate surfaces. These mathematical techniques were also applied by some other researchers [START_REF] Yan-Ming | Analysis and design of the globoidal indexing cam mechanism[END_REF][START_REF] Lee | A New Tool-Path Generation Method Using a Cylindrical End Mill for 5-Axis Machining of a Spatial Cam with a Conical Meshing Element[END_REF][START_REF] Cheng | Optimum tolerances synthesis for globoidal cam mechanism[END_REF], 2007[START_REF] Chen | Surface generation and fabrication of roller gear cam with spherical roller[END_REF]. To analyze the transmission error and to synthesize the tolerances, [START_REF] Cheng | Optimum tolerances synthesis for globoidal cam mechanism[END_REF] also made the geometric mathematical models of globoidal cam surface by the conjugating theory. Some other researchers studied to create the globoidal cam from machining point of view (Tsay and[START_REF] Tsay | Design and Machining of Globoidal Index Cams[END_REF][START_REF] Tsay | Generation of globoidal cam surfaces with conical roller-followers[END_REF]. They represented the surface geometry of the globoidal cam as the swept surfaces of the tool paths. The globoidal cam profile was also constructed by using the volume swept method [START_REF] Lin | Motion-curve synthesis and geometric design of globoidal cam mechanism with intermittent variable speed[END_REF]. [START_REF] En-Hui | Creating surface of globoidal indexing cam profile on computer[END_REF] used computer to develop a package, which is a combination of AutoCAD R14, 3D Studio Max, and VBA, to generate the surfaces of the roller gear cam. In addition, many researchers have studied other aspects of globoidal cam such as the contact between cam surfaces and the rollers, dynamics, machining on four-axis or five-axis machine tools, etc… In this paper, to illustrate the cam surfaces from angular input and output displacements of the cam and the follower, some modelling methods are presented.

The term "globoidal cam surface(s)" or "cam surface(s)" refers to the working surface(s) of the globoidal cam. The working surfaces of the globoidal cams are the surfaces that contact with the roller surfaces.

Theoretical background

There are two types of globoidal cams. The first kind is the globoidal cam that has a groove on its surface and the roller follower oscillates when the cam rotates. The cam of this type is either convex or concave. The second one has one or more ribs on its surface. This type is also called roller gear drive or Ferguson drive (Rothbart 2005).

This type has two subtypes: concave globoidal cam with an oscillating follower (Figure 1(a)) and indexing globoidal cam with a turret follower (Figure 1(b)). The ribs of these cams look like threads or blades so that sometimes these cams can be called thread-type or blade-type globoidal cams. Similarly to the cylindrical cam, the globoidal cam rotates at a constant angular velocity about its axis (the input axis) and the cam drives a roller follower. The axis of the follower is perpendicular to the axis of the cam and the rollers are cylindrical or conical. In this study, a double thread-type globoidal cam with cylindrical rollers for intermittent motion is the globoidal cam that is dealt with. follower has only one closed rib. Although there are some differences in shape between the two cams but their geometrical parameters can be calculated by using the similar calculations with the same formulas.

Figure 2 illustrates the geometrical relationships between a concave globoidal cam and its oscillating follower. In this figure, the development plane is the plane that is normal to the axis of the roller and located anywhere along the length of the roller.

The intersection point between the development plane and the axis of the roller is the pitch point (P). Datum plane is the plane normal to the cam axis and contains the follower axis. The angular displacement of the roller is measured from this plane. Following are some parameters related to globoidal cam-follower system [START_REF] Koloc | Cam mechanism[END_REF]Vaclavik 1993, Reeve 1995).

• α -angular input displacement (the rotation angle of the cam).

• β -angular output displacement from datum plane (the rotation angle of the follower). β has a relationship with α and it can be expressed by function β = f(α), [START_REF] En-Hui | Creating surface of globoidal indexing cam profile on computer[END_REF]). • β 0 -angle from datum plane to start of follower motion, measured in direction of motion. If the start point is encountered after the datum plane then β 0 is positive. • β 1 -angle between the axis of the upper roller with the datum plane. At the beginning, when the upper roller is at the starting point then β 0 = β 1 . • β 2 -angle between the axis of the lower roller with the datum plane.

• T -distance between the axis of the follower to the end of the roller, measured along the roller axis. • E -gap between the end of the roller and the cam body.

• F -distance from the axis of the follower to the pitch point.

• C -distance between the cam axis and the turret axis.

• R -perpendicular distance from cam axis to the pitch point, expressed as R = C -F.cos(β 1 ) (1) • h -distance from the pitch point to the datum plane. It is the height of the point P and presented as h = F.sin (β 1 ) (2) Obviously, the coordinates of the pitch points on the rollers can be calculated if the angular input and output displacement are known. From these coordinates and some other information, the pitch surface of the cam can be modelled. 

Modelling methods

The globoidal cam can be modelled by using CAD software. In this study, Pro/Engineer® Wildfire 2.0 is used. There are two methods to model the globoidal cam: pitch surface-based modelling and standard cutter-based modelling. Model 1: In a globoidal cam-follower system, when the follower rotates, the locus of the roller axis will generate a ruled surface in space [START_REF] Tsay | Generation of globoidal cam surfaces with conical roller-followers[END_REF]. When a roller engages and moves along the guided groove between the two ribs, that ruled surface becomes one of the pitch surfaces of the cam. Another roller moving in the last groove will make the other pitch surface. The globoidal cam surfaces can be obtained from the pitch surfaces by offsetting them both sides a distance that is equal to the radius of the roller, shown in Figure 3. The following is one way to model the pitch surface. Sweep a straight line that is collinear with the roller axis. The two end points of this line must lie on two three-dimensional (3D) curves (Figure 4). One of them is the origin trajectory. These 3D curves are the loci of two points, which located on the roller axis, when the follower rotating. The coordinates of those points can be calculated in the cylindrical coordinate system as

Pitch surface-based modelling

α j -input angular displacement i j i j sin . F h β = (3) i j i j cos . F C R β - =
(4) where i = 1,2, corresponding with the upper and the lower pitch surfaces; j = 1,2,…,n corresponding with the angular output displacements. In practice, a group of points that have the same characteristics is drawn then the curve will be modelled through these points. To reduce calculation time, and errors also, one of these curves can be a circle in the datum plane. This circle goes through the intersection point of the roller axes and its centre is in the cam axis (Figure 4). In this method, first, the body surface is modelled, and then the two pitch surfaces are done. Make two offsets from each pitch surface to get the cam surfaces.

Next, some additional surfaces are added to ensure that they make closed surfaces with the body and the cam surfaces. After that, the body surface, the cam surfaces and the additional surface are merged together. All of the surfaces now become a united surface. This surface will be solidified to become a solid body. Next, perform some cuts to get the outer surfaces of the cam. Last, cut a cylindrical hole with a key groove to get the desired cam.

Standard cutter-based modelling

From machining point of view, the globoidal cam surfaces can be determined by corresponding angular displacements of both the cam and the driven member [START_REF] Koloc | Cam mechanism[END_REF]. If the cutter and the roller diameters are equal, the axis of the cutter now coincides with the roller axis. The motion of the cutter in the machining process represents the motion of the roller, and of course, the cutter must rotate about its axis. In this case, the input/output angular displacements of the cam and the follower can be considered processing coordinates for the cam profile fabrication.

And of course, the formulas (3) and (4) above can be used in the modelling procedure of the cam surfaces. The following are two ways to get the cam surfaces. (1) The sweep section is a rectangle. The width of the section is equal to the diameter of the roller. The length of the section is arbitrary providing that it is longer than the length of the roller plus the clearance e (Figure 2). (2) Sweep this section and the axis of the section must follow two 3D curves. These curves are loci of two points, which are on the roller axis, when the follower rotates. One of these curves is the origin trajectory. The curves that are used for model 1 can be applied here.

(3) This section plane is always normal to the origin trajectory.

In this method, first, a body surface is modelled, and then two sweep surfaces are created. Next, two additional surfaces are added to both ends of each sweep surface to ensure that they make closed surfaces with the body and the cam surfaces.

After that, all surfaces are merged together. Then the united surface will be converted to solid body. Next, perform some cuts to get the outer surfaces of the cam. Last, a cylindrical hole with a key groove is cut to get the desired cam.

Model 3:

Cut the solid bank by a rectangular section to form the globoidal cam surfaces, using the same constrains of model 2 for this model. In this method, first a solid body is modelled. Then, two cuts are performed to get the cam surfaces. Next, perform some cuts to get the outer surfaces of the cam. Last, cut a cylindrical hole with a key groove to get the desired cam.

Application example

Input data and pre-calculations

A globoidal cam indexing mechanism has 6 rollers, which are equally spaced on a pitch circle. Following are some parameters of the system, which are showed in 

The modelling results and checking interference

In Figure 5 are three models of the cam designed from preceding data. In this figure, the pitch surfaces are in transparent state to see the cam surfaces easily. All cams look great and similar in shape. To choose the best model, the interference between the cam and the rollers must be verified. The best cam is the one that has no interference between components in the system and there is no clearance between the cam surfaces and the roller or the clearance must be small enough. In order to verify the interference, first, an assembly of the cam and the follower is made. After that, use the Mechanism Design module to define the geometrical relationships of the system, make it move and analyze its motion also.

Last, use a kinematics analysis to obtain information on interference between components When the globoidal cam rotates the follower will stay or rotate depending on the location of the rollers on the cam surfaces. The follower will not move when the rollers still contact with the cam surfaces in the dwell period. To get a motion for the follower, a point on one roller axis has to trace along a 3D curve on the pitch surface.

The pitch point now can be used for this purpose. The 3D curve can be one of the two 3D curves that used to model the cam.

Among the three models, model 1 has no interference between the cam and the roller when the cam rotates. Model 2 and 3 have 296 and 280 positions of interference, respectively. There are totally 721 positions checked for a full revolution of the cam. The angle between two positions (called frames in Mechanism Design) is 0.5 0 . This value is similar to the incremental value of the angular input displacement of the cam. In the last two models, the interferences occur in the index period. It is because, in this period, the width of the grooves is smaller than the diameter of the rollers, although using a cutting section that has the same size that of the cutter generates the grooves. This error may come from the sweep algorithm in Pro/Engineer where the origin trajectories have strong curvatures. The result is that model 1 is the best cam.

The side clearances in assembly between cam surfaces of model 1 and the rollers must be checked to ensure that they are small enough. If these clearances are large, the errors of output angular displacements will be large, too. These clearances can be measured in assembly standard mode or in mechanism mode. Some examples of errors are presented in Table 2 in the appendix. In general, in one revolution of the cam, the clearances are always less than 0.2 micrometer. These clearances could cause errors in the output angular displacements but these errors are so small that they can be accepted. 

Conclusion

A system is developed to create 3D model of an indexing globoidal cam from the input and output displacements of the cam and the follower and some basic dimensions of the system. In this approach, by using the software Pro/Engineer® Wildfire 2.0, some models of the globoidal cam are modelled from the same input data. The result is that the model 1, which its pitch surfaces are obtained by sweeping straight lines along two curves, is the best case. With this model, no interference between components is found when the cam mechanism works. The errors of angular rotation of the follower can be accepted because the clearances between cam surfaces and the rollers are so small that they have no real affect on the follower performance. This is a real example but the modelling procedures can be applied for other situations when the angular input and output displacements are known. The result of this study is very useful in terms of modelling and manufacturing globoidal cam. Following are some parameters related to globoidal cam-follower system [START_REF] Koloc | Cam mechanism[END_REF][START_REF] Koloc | Cam mechanism[END_REF][START_REF] Reeve | Cam for industry[END_REF].

α -angular input displacement (the rotation angle of the cam).

β -angular output displacement from datum (the rotation angle the follower). β has a relationship with α and it can be expressed by function β = f(α), [START_REF] En-Hui | Creating surface of globoidal indexing cam profile on computer[END_REF].

β 0 -angle from datum plane to start of follower motion, measured in direction of motion. If the start point is encountered after the datum plane then β 0 is positive.

β 1 -angle between the axis of the upper roller with the datum plane. At the beginning, when the upper roller is at the starting point then β 0 = β 1 .

β 2 -angle between the axis of the lower roller with the datum plane. Note: e 1 , e 2 : clearance between surfaces 1, 2 and roller in groove 1 (model 1). e 3 , e 4 : clearance between surfaces 2, 4 and roller in groove 2 (model 1).
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 1 Figure 1. Globoidal cam -thread type.As it can be seen in Figure1(b), the indexing globoidal cam is similar to a worm gear. The cylindrical rollers of the follower are located radially and equally spaced on a pitch circle. When the rollers move along the guided grooves, the rollers contact with both sides of the two open ribs, while the globoidal cam with oscillating

Figure 2 .

 2 Figure 2. Globoidal cam-oscillating follower arrangement

Figure 3 .

 3 Figure 3. Offsetting the pitch surface.

Figure 4 .

 4 Figure 4. Modelling principle of model 1.

  Make an intersection of a surface body and a sweep surface to form the globoidal cam surfaces if the following constrains are performed.

Figure 2 :

 2 Figure 2: d = 25.4 mm, l = 17 mm, C= 118 mm, t = 59.5mm, e = 1.5 mm. A part of angular input and output displacements of the cam and the follower is presented in

  There are some calculations that must be done before making the models as follows:(a) Convert the values of angular input and output displacements from incremental coordinates to absolute coordinates. β j is the angular output displacement.(c) Calculating the coordinates of the pitch points for each pitch surface. The pitch points are located at the distance F= 61mm on the roller axes.All the calculations are done in Microsoft Excel 2003.

Figure 5 .

 5 Figure 5. Three models of globoidal cam.In order to verify the interference, first, an assembly of the cam and the
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 6 Figure 6. Interferences (in red colour) occur between components.
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 45 Figure 4. Circle in the datum plane.

  Figure 6. Interferences (in red colour) occur between components

  

Table 1

 1 in the appendix.

Table 2 :

 2 Example of some selected clearances between cam surfaces and rollers

	Appendix					
	Table 1: Angular input and output displacements, unit: Degree	
	No	α	β		No	α	β
	1	0	0		1	0	0
	2	0.5	0.6471		2	0.5	0.5427
	3	0.5	0.6438		3	0.5	0.5479
	5	0.5	0.6403		5	0.5	0.5531
	6 7 F 8 o 9 r 0.5 0.5 0.5 0.5 10 0.5	0.6368 0.6331 0.6294 0.6256 0.6216		6 7 8 9 10	0.5 0.5 0.5 0.5 0.5	0.5582 0.5633 0.5683 0.5731 0.578
	… 118 119	… P 0.5 e 0.0001 … 0.5 0		… 209 210	… 0.5 0.5	… 0.0001 0
	… 539 540	… 0.5 0.5	… e 0 r 0.0004		630 631	… 0.5 0.5	… 0 0.0004
	… 739 740	… 0.5 0.5	… R 0.578 e 0.5731	… 739 740	… 0.5 0.5	… 0.6217 0.6256
	741 742 743 744 745	0.5 0.5 0.5 0.5 0.5	0.5682 0.5633 0.5582 0.5531 0.5479	741 v i 742 743 e 744 w 745	0.5 0.5 0.5 0.5 0.5	0.6294 0.6331 0.6368 0.6403 0.6437
	746 Roller in groove 1 0.5 0.5427 Starting point: α= 196.50, β= -67.3831 End point: α= 209.00, β= 67.5842		746 Roller in groove 2 0.5 0.6471 O Starting point: α= 151.00, β= -67.5842 n End point: l y α=163.50, β=67.3831
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