Problem Statement and Motivations

For our CAD/CAE project, we decided to create two models of water bottles and subject the models to a pressure load.  The results of these pressure analyses would be compared to see where stress concentrations occur within the bottles.  The first model, a simple bottle, would be done completely in SolidWorks.  The second, a bottle with a more complicated surface, would be created in Rhino and imported into SolidWorks.  Starting with SolidWorks 2007, Rhino file types are natively supported by SolidWorks.  The CAD projects and assignments that we have worked on in class have all been feature-oriented solids.  Other than a discussion of Bézier surfaces, there has been no mention of surface modeling.  Surface models have traditionally fallen in the domain of design, not engineering, but as the modeling and testing processes become more closely interlinked, we feel that it is good practice to be familiar with surface modeling, as well as solid modeling techniques and software.  Using Rhino, one of the more advanced free-form modeling programs, along with the COSMOSWorks extensions of SolidWorks, would allow us to quickly create and test a model.  We would gain surface-modeling experience and also be able to try out the process of importing a surface created in a different program into SolidWorks.

The New Bottle
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Figure 1: Nestlé promotional material for new bottle

In August of 2007, Nestlé Waters announced a major redesign of their bottle shape.  The new ‘eco-shape’ bottle uses 30% less plastic than the average half-liter water bottle, a smaller label, and the dyes have been removed from the cap to make it more recyclable. Nestlé estimates that it will save 65 million pounds of plastic per year by switching to the new bottle shape in all of the 15 bottled water companies in the Nestlé Waters family.


What interested us was not the environmental aspects of the new bottle, but the changes to the bottle’s surface geometry.  The new bottle is not a simple revolved shape – it has a circular cross-section at the top of the body, but it bows inward in the center.  Moving towards the lower section, it develops a cross-section that is almost triangular.
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Figure 2: Picture of Nestlé bottle
The three triangular faces towards the bottom of the bottle contain a number of smaller features.  There are a three smoothed areas connecting the triangular faces.  These features would make this bottle very difficult to create using the traditional solid and feature-based methods that we have done so far.

The Old Bottle
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Figure 3: Kirkland brand water bottle
In comparison, a more traditional bottle, such as the one shown in Figure 3, does not have as much complicated geometry.  The entire body of the water bottle is axisymmetric and can be created with a single revolved sketch.  This style of bottle has remained without a major redesign until the Nestlé bottle was released.

Modeling Overview

To model the bottles, we used SolidWorks and Rhino.  SolidWorks was used for the Kirkland bottle because of its simple shape.  The Nestlé bottle is more complex.  Rhino was used to model its features.
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Figure 4: Bottle base


The bases of both bottles are almost identical.  Similarly, the features at the top that support the caps are identical.  Because we are interested in the differences between the two bottles under pressure, not a detailed analysis of each bottle individually, the bottoms and tops were not fully modeled.

Measuring and Dimensioning the Kirkland Bottle
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The Kirkland bottle was measured using a set of digital calipers. The bottle was divided into three important sections to be measured: the top, the side ridges, and the bottom. For the side ridges, the height, major diameter, and minor diameter of the ridge were measured. Due to the simplicity of the bottle, only one side ridge had to be measured, because this feature is repeated many times to form the side of the bottle. For the top section of the bottle, the height and major and minor diameters were measured. On the bottom, the height, major and minor diameters, and intermediate diameter were measured. The wall thickness was measured to be a constant 0.16mm. A detailed drawing of these measurements can be seen in Figure 5.
Figure 5: Drawing of dimensions used for modeling the Kirkland Bottle
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After dimensioning the bottle, it was then modeled in SolidWorks as a sketch revolve to form a 3D representation of the surface of the bottle. In the sketch, the modeling of the curves of the bottle was done in two ways. The curves that form the top and bottom sections, were drawn by hand in the sketch, using a 3 point arc. The 2 endpoints were chosen based on the locations measured by the height and major and minor diameter, and then the third point was then used to adjust the curve until its curvature appeared to match that of the bottle. For the side ridges, two different diameter filets were used to represent the curves. Once one side ridge was modeled, the mirror tool was used to repeat the sketch 11 times, which represent the number of side ridges on the actual bottle. After drawing the radial cross section as a sketch, which can be seen in Figure 6, the revolve tool was used to create the surface form of the bottle. The finished modeled surface can be seen in Figure 7.
[image: image18.png]



[image: image5.jpg]



Figure 7: Final surface model of Kirkland Bottle
Nestle Bottle
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To accurately model the Nestle bottle, the first necessary step was to obtain accurate dimensions of the existing bottle. This bottle was much more complicated than the Kirkland bottle for many reasons. Many of the features were not simply a step-and-repeat function, and so each piece of the bottle had to be modeled separately. Also, the “ergonomic” features of the bottle required some creative measurement techniques, because the features themselves lie on a surface of the bottle that is not a simple “revolved surface”. That is, the surface does not have a definite diameter, but instead the 3 “ergonomic surfaces” formed a triangle around the bottle. Through a long session of precise measuring and dissection of the bottle, we were able to obtain a layout of the bottle that we felt was satisfactory. Our tolerance for all surface features, including the most complex curves, was about +/- 2mm. See Figure 8 for detailed drawings of the bottle measurements.
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Figure 8: Detailed measurements of Nestle Bottle
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A decision was made early on that we would integrate the program Rhinoceros into our modeling repertoire. This was because we felt that the Nestle bottle would be too complicated to model in the dimension-driven solid-modeling program SolidWorks. The simplicity of modeling that “revolved” surfaces in Rhino was similar to SolidWorks. However, the distinct advantage that Rhino holds over SolidWorks is its surface modeling tools. Because of Rhino’s non-uniform rational B-splines (NURBS) platform, lines are represented mathematically as Bezier curves, and surfaces as Bezier surfaces. Rhino gives users the ability to manipulate individual control points of any line or surface. As we were very familiar with the nature of these curves and surfaces, we were able to model a very accurate representation of the Nestle bottle.
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As many of our surfaces are represented by a set of guide curves, it was important to maintain tangency between adjacent surfaces. Experience in Engineering Design I told us that, in order to maintain endpoint tangency, the two control points closest to the endpoint must lie on the tangent line. This can be seen in Figure 9. This was similar for the Bezier surfaces we were creating. For example, when “flattening” our “ergonomic surface” from a simple revolved shape, we simply needed to manipulate various control points on the surface to within our defined dimensions. This process is represented in Figure 10, with the highlighted control points being the ones to manipulate, while leaving the control points that defined tangency conditions at their set locations. This application of knowledge served to benefit us greatly when working with more complicated geometry.

After designing our basic bottle shape, the additional features were obtained by “cutting and offsetting” the main surfaces (Figure 11), giving the bottle its distinct “ridged” shape. We then patched each of the surfaces using some of Rhino’s more advanced surface tools, and created appropriate fillet geometry. The result was a uniform surface that could then be shelled for use in our solid body analysis.
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Figure 10: Manipulating control points on a Bezier Surface
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Figure 11: Editing surfaces using curves projected onto surface
Importing the model into SolidWorks proved to be quite a challenge. Two options existed for the import: porting the Rhino surface directly into SolidWorks (Importing a Rhino file is supported by SolidWorks), or saving the Rhino model as an .iges file and opening it in SolidWorks. Initially, we attempted using the .iges file format. When opened in SolidWorks, it turns the surface into a solid. Using the shell tool, we made the solid into a thin walled bottle. However, we ran into problems when meshing the bottle for analysis. Some of the ridges in our complex features had gaps between faces to the complex intersection of some curves, as well as the curves overlapping. These gaps resulted in a failed mesh. A possible reason for the existence of the gaps may because of a disparity in the tolerances used in SolidWorks and Rhino. The tolerances in Rhino were not as tight, and converting the file from a Rhino model to an .iges, and subsequently saving as a SolidWorks part may be why gaps existed in the faces. We tried several methods of repair in SolidWorks, but they did not work.

Since we could not properly mesh the bottle from the .iges import, we used SolidWorks’ capability to import a Rhino 3D model file (.3dm). This worked well, and our Rhino model appeared as a surface in SolidWorks. Then, adding a COSMOSWorks shell element to represent the thickness of the bottle, we were able to mesh the bottle without any problems. A final render of the our model of the Nestle Bottle can be seen in Figure 12.
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Figure 12: Render of Nestle Bottle

FEA


Our goal is using FEA was to determine where the stress concentrations were located to determine if the new bottle shape had a significant effect on the Nestle bottle’s ability to hold pressure.  In order to do this, we ran a COSMOSWorks analysis of both models.


In order to compare the two bottles reaction to pressure loads, we applied similar loading conditions and constraints. We applied a 5psi pressure load normal to the interior revolved surface in the bottle. This load was used so that the material did not exceed the yield stress, which would make the results of a COSMOSWork analysis less accurate. We then fixed the bottom of the bottles in order to more accurately see the stress distribution in the sides of the bottle. The bottoms of the two bottles were very similar in reality, so we felt the stress distributions would be similar in our analysis. As a result, we did not model the bottoms very realistically, and were not concerned with their reaction to stresses as a way to compare the two bottles. Most of the feature differences which we were concerned with lie in the sides of the bottle, and our analysis reflected this.
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Figure 13: Loading conditions for Kirkland            Figure 14: Loading conditions for Nestle


The bottles were both made of PET, which is not a default material in SolidWorks. In order to accurately model the bottles, we researched the material properties of PET which were necessary to out analysis, and added PET as a custom material. The material properties were defined as follows:

Table 1: Material Properties of PET

	3000
	N/mm^2
	EX

	0.4
	
	NUXY

	1071
	N/mm^2
	GXY

	0.0013
	g/mm^3
	DENS

	80
	N/mm^2 
	SIGXT



To mesh the bottles we used shell elements, which gave us a faster and more accurate result than the 3d elements which are default to COSMOSWorks. In order to determine if our stresses converged, we ran mesh independence studies starting from a very coarse mesh, working up to a finer mesh. As demonstrated by Figures 15 and 16, both bottles had stress values which converged with decreasing mesh size.

 
Figure 15: Mesh convergence study for Kirkland   Figure 16: Mesh convergence study for Nestle
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Figure 17: Mesh for Kirkland                                    Figure 18: Mesh for Nestle

The challenge in this process was getting the Nestle bottle to mesh accurately. When the model was originally imported as a parasolid, there were gaps in the model which SolidWorks detected, but Rhino did not. This is most likely because the two programs use different tolerances for intersecting curves. Meshing required that the surface be completely finished, and so importing the model as a parasolid did not allow us to mesh. The model then had to be imported as a single surface, which made it difficult to achieve the smaller surface features in SolidWorks that could not be modeled in Rhino. These features included the thickness of the bottle and small radius curves which were the smallest geometric features of the bottle. As a result, we had to omit some of the fillets which would have given us a more accurate model. This lack of small fillets lead to stress concentrations within the Nestle bottle model, however as shown by the mesh independence study, these concentrations did not cause our results to be invalid. We feel that the comparison in the stress distribution within the bottles is reasonable, but the values may not be precise. Therefore, we did not use the stress values to compare the two bottles, only the stress distribution.

The results of our analysis show that the stress is greatest in the area where the surface is most irregular. There are regions of stress concentration which appear to be higher than the average stress. Comparing that to the original bottle, where the stress distribution is much more uniform and even. 
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Figure 19: Deformation in Kirkland Bottle           Figure 20: Stress distribution in Kirkland Bottle
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Figure 21: Deformation in Nestle Bottle
     Figure 22: Stress distribution in Nestle Bottle


There are regions of higher stress concentration in the Nestle bottle, which lead us to believe that it performs worse under pressure loads than the Kirkland bottle, considering that they are made from the same material, and the thickness of the Nestle bottle is less than that of the Kirkland bottle.

What We’ve Learned


The biggest lesson that we’ve learned from this exercise is that surface modeling is the best way to create a free-form surface like the Nestlé bottle, but porting it to SolidWorks and running a COSMOSWorks analysis is not as easy as we had thought it would be.  There are a number of different ways to convert Rhino models to SolidWorks, each with their own strengths and weaknesses.  However, the differences between these methods are not well documented within the software, and we had to search through external sources to find which method would be best for our type of analysis.  Some sort of summary table on surface conversion between the two programs, giving the advantages of each type, would have better integrated the modeling and analysis parts of the process.


Similarly, the different surface intersection tolerance values in Rhino and SolidWorks caused unnecessary problems.  A check of the model within Rhino said that it was watertight, meaning that all surfaces were correctly joined.  Importing into SolidWorks and meshing for the finite element analysis caused an error because SolidWorks believed that the surfaces were not joined.  This caused wasted time because the model had to be repaired before it would mesh correctly.


We also learned that modeling a thin-walled bottle is more difficult than it seems like it should be.  To come up with a realistic analysis, variations in wall thickness would have to be accounted for.  Within the tolerances of our measurement device, it was difficult to even measure the thickness variations.  Because the bottles are so thin, small variations can have a very large impact.  Thickness variations in the surface features, where failure is most likely to occur, are especially important to model correctly although they are the most difficult pieces to measure given their small size.  Choosing to model a water bottle instead of a soda bottle complicated this process, because soda bottles are thicker and made to hold pressure.  Thicker material overall means that the variation in surface feature thickness will have less of an impact on the overall strength.

Figure 6: Radial cross-section sketch of Kirkland bottle











Figure 9: Bezier curves
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