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Summary

Product design for assembly usually follows the concept of minimizing the number of parts. This approach can result with fewer assembly operations and consequently with lower assembly costs. But, from the market and sale point of view the requirements sometimes demand different philosophy in product design. The packaging and transportation criteria can be expressed with the sentence "smaller is better". It means that large products should be designed applying the disassembling (modular) construction, the product has to be divided into smaller sections (more parts) joined by appropriate assembling techniques. Where are the acceptable dividing planes and what are the assembling techniques which would provide product functionality, quality and stiffness? These are the issues the paper deals with using the finite element method. This paper describes the designing of the handcart FE models for the simulation of assembling techniques, with the aim to find out the most appropriate solutions without the use of the conventional workshop prototyping. It addresses the problems of simulating the assembly FE models, bolt fits as well as friction and contact conditions. 

1 INTRODUCTION

If a product needs to be built from more then one part, the designing of its assembly structure, the interfaces of the constituent parts and assembly techniques represent critical considerations in development process. They directly affect design functionality and manufacturing costs. With regard to assembly design engineers usually rely on experience, estimating assembly techniques and parameters. Such approach is no longer appropriate along with powerful engineering computer aided graphical and numerical tools based on finite element method which enable the virtual prototyping and analyzing of the geometrical, functional and physical characteristics of future product. Computer simulation provides the efficient optimization of product design contributing considerable development and manufacturing savings, and competitive market potential.

This paper is concerned with the application of computer simulation in the optimization of product assembly design. A handcart, used in construction and agriculture works, is taken as an example of large product whose homogeneous welded parts satisfy heavy duty characteristics. But if its packaging characteristics need to be optimized, enabling, for example, mail delivery on the basis of catalog or Internet ordering, the handcart must be designed as a modular (disassembling) product. It particularly relates to the handcart frame which obviously represents a heavy-handed piece for packaging. To retain the handcart original functionality, quality and stiffness, the redesign process have to research the acceptable dividing planes and consider the possible assembling techniques.

[image: image1.wmf]Figure 1. Handcart CAD model

The handcart FE models have been designed using the SDRC I-DEAS Master Modeler and Simulation software. They are based on triangular and quadrilateral thin shell elements mashed on the top surface of the handcart's solid model. The models were primarily investigated as a solid construction to find out the regions where the high stress was taking place, and accordingly to prevent the dividing of the cart construction in those critical sections. The boundary conditions were varied to conceive the various working situations. The resulting handcart frame segments have been designed and assembled by different assembling techniques. The paper presents the corresponding FE models and discusses the obtained simulation results and suggested approach with regard to the simulation of assembly models.

2 FE MODEL OF HANDCART ASSEMBLY

[image: image2.wmf]After the analyzing of the packaging requirements and stress distribution along the handcart elements, the frame is divided on the basis of two dividing planes. The resulting cart construction with five frame segments is given in Figure 2. 

Figure 2. Modular handcart frame

The question is how to join the frame parts to keep the required rigidity. The simplest way is to tighten them by bolts and nuts which restrain the frame segments over two supports (Figure 3.). 

[image: image3.wmf]
Figure 3. Bolted joints

[image: image4.wmf]The other way is to use an inner tube as an insert which strengthen the frame fittings (Figure 4.). There are also many other solutions which could be applied, but this paper is limited into the research presentation of these two mentioned assembly techniques.

Figure 4. Bolted joints with the inserts

In order to investigate the stiffness of the proposed assemblies the corresponding FE model of the handcart assembly solid model has been designed. The handcart box transfers a load over the front and back supports to the frame. Therefore the box can be excluded from consideration, sparing the size of the FE model. By making use of symmetry, just the half of the handcart is taken into consideration.

2.1 Material properties
The handcart frame is made from (32/28 mm steel tube whose properties corresponds to DIN 1611 material number 1.020: modulus of elasticity E = 210 000 Mpa, Poisson's ratio i.e. ratio between lateral contraction and axial elongation ( = 0.3, yield stress Rp0,2 = 260 N/mm2. The material of the front and back supports is a sheet metal with 2 mm thickness. The sheet metal properties are same as the properties of the frame material.

2.2 Mesh discretization
The FE mesh has been created by thin shell elements using the top surfaces of the symmetric half of the handcart assembly solid model. The surfaces were partitioned in the regions of contacts and high stress to allow finer mesh construction. The several types of thin shell elements were investigated, including triangle and quadrilateral elements with linear and parabolic definitions. The linear elements, both triangular and quadrilateral, showed some instability regarding stress dissipation and obtained values which were not consistent from case to case. Therefore, parabolic elements are accepted for analysis. Parabolic quadrilateral elements enable to create harmonic and smooth mesh if appropriate element size and the distribution of nodes were applied. However, they produce more nodes then parabolic triangular elements, requiring considerably longer calculation time. The level of accuracy for the given problem allows the use of relatively coarse parabolic triangular mesh, which can save computation time more then five times comparing to parabolic quadrilateral elements. The element size is critical only in the regions of the contacts where rotational and curved surfaces participate. Since the contact pairs produces very narrow touching areas, too large elements can cause convergence problems in the contact iteration algorithm. 

In the case of parabolic quadrilateral mesh the model includes 5267 elements and 16246 nodes, including the mesh of inserts (Figure 5.). Parabolic triangular mesh contains 6097 elements and 12856 nodes. The elements have the tickness of 2 mm according to the material of the parts.

[image: image5.wmf]
Figure 5. Parabolic quadrilateral mesh of the handcart model

The bolts and nuts are dicretized by solid mesh parabolic triangular elements to provide analysis of their deformations as well. The bolt includes 108 and the nut 33 solid mesh elements.

The front and back supports are joined on the handcart box constraining their relative movement. This condition is simulated by rigid elements which bind the holes of the supports. 

2.3 Boundary conditions
Figure 6. illustrates the applied boundary conditions, including restraints, forces/loads and contacts.

Restraints
The restraints of symmetry are applied on the parts' faces which lie on the plane of symmetry, including the frame and both supports. Additional restraints are used to define a wheel support and handhold. The wheel support allows only z translation, as well as x and z rotation. The handhold constraints translation and rotation with the exception of x rotation. Such restraints simulate handcart in driving position.

Forces/Loads
[image: image6.wmf]Load of the handcart is distributed over the supports as surface force which represents a freight of 200 kg. Special forces are involved on the bolts' heads and nuts inducing the compressive forces in the joined parts and between contact surfaces.

Figure 6. Boundary conditions

Contacts
The contact surfaces are defined between the frame, supports, bolts and nuts to simulate the transfer of forces/loads between the parts. The friction factor is assumed 1.0 to prevent the sliding between parts and consequently some inconsistency in the results of stress distribution.

2.4 Linear analysis
The FE model of handcart has been analyzed using I-DEAS linear structural finite element solver. Linear statics analysis simulates the behavior of a physical object or structure which has forces applied to it and solves for the displacements, stresses, etc., in the domain of elastic material properties. The solver assumes a small strain, small displacement formulation in which the finite element equilibrium equations are written with respect to the initial configuration of the structure. Linear statics analysis does not account for any nonlinear stress-strain relations, nonlinear strain displacement relations, or geometric nonlinear effects. these assumptions restrict the use of linear statics analysis to problems with locally small strains and infinitesimal rotations. If large stress, which exceeds yield stress for given material, was identified, the nonlinear plastic deformation analysis should be performed to research possible plastic deformation or potential crack zones. This work is limited to linear analysis with aim to explore problematic stresses and deformations in the assembly using different joining techniques. 

The FE model of the handcart assembly has been analyzed for simple bolted joints and joints strengthened by the inserts. The applied solver parameters are as follows:

· Singularity removal algorithm is applied with a criterion value 10-20 . Singularity removal controls the singularity in the stiffness matrix during Cholesky factorization (a matrix singularity is detected when a zero or very small pivot is encountered), then a positive number is added to the diagonal of the matrix, and decomposition proceeds.

· The contact algorithm uses the penalty factors to control contact and sliding stiffness: the normal factor, controls the penetration stiffness of the surfaces that come into contact, is set to 10 and the tangential factor, controls the convergence of friction forces, is set to 1. 

· Contact force convergence tolerance is 0.01. 

· Minimum contact set percentage defines the percentage of contact elements considered active, and it is adjusted to 100%. 

· The maximum number of iterations for a force loop (forcing a condition of zero penetration between parts) is defined 20 and a contact status loop (determining which contact elements are active) is set to 40.

3 RESULTS

3.1 Simple bolted joints
The first handcart assembly has the frame sections joined simply by the bolts and nuts on the front and back supports. The postprocesed result of linear statics analysis is given in Figure 7. Figure 7. presents the five times enlarged deformations of the assembly and the distribution of von Misses stress in the top layer of material. It can be noticed that high stresses are concentrated in the supports which keep the frame sections together. The stresses and deformations in the contact regions of the supports are responsible for the rigidity of the whole frame construction. Even the postprocessed result shows enlarged deformations, it can be perceived that deformations are relatively significant what indicates a possible problem of assembly rigidity. Furthermore, the back support and tubes suffer a high stress which exceeds elastic deformations for given material (more then 260 N/mm2). Even they are localized, also they present dangerous zones (near the holes and corners, Figure 8.) where either crack or intensive wearing could be expected. Obviously, this assembly solution would not provide required frame stiffness for an expected load of 200 kg.

[image: image7.wmf]
Figure 7. Von Misses stress distribution and deformations in the handcart 

    assembly

[image: image8.wmf]
Figure 8. The high stress regions in the back support

3.2 Joints strengthened by inner tubes
[image: image9.wmf]In order to release the supports from bending stress, an inner tube can be involved in the joints. Figure 9. shows corresponding deformed model with von Misses stress distribution. Deformations and stresses are clearly lower then in the previous model. 

Figure 9. Von Misses stress distribution and deformations in the handcart 

    assembly with the joints strengthened by the inserts

[image: image10.wmf]
Figure 10. Von Misses stress in the front and back inserts
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Figure 11. Contact stresses in the back joint

Figure 10. gives von Misses stress in the inner tubes (inserts) and Figure 11. shows contact stresses in the joint of the back support. There is no regions with high stress which exceeds elastic range, with the exception of the corners in the back support (Figure 12.). It is obviously inadequate design detail which has to be reviewed and changed by adding a fillet or chamfer, providing better stress dissipation. 

Such assembly solution strengthened by the inserts clearly presents promising basis which could provide expecting handcart qualities.

[image: image12.wmf]
Figure 12. The high stress region in the corner of the back support

4 Conclusions

The designing of assembly structures is usually based on the engineer's experience and prototype analysis. The finite element method enables virtual prototyping of a future product. By using the contact boundary conditions which transfer loads between parts it is possible to simulate stresses and deformations in assembly CAD model. 

This work presents the application of finite element method in the analysis of the handcart modular construction. Two different assembly techniques have been investigated: simple bolted joints on the front and back supports, which keep the frame segments together, and the bolted joints strengthened by the tube inserts. 

The FE model has been designed on the basis of the handcart assembly solid model. The mesh has been constructed on the top surfaces of the solid model. The model has been analyzed for linear and parabolic elements, including triangular and quadrilateral forms. Linear elements have showed certain deviations with regard to the obtained results. Parabolic triangular and quadrilateral elements have given comparable results even relatively coarse element have been applied. 

The results show expected model behavior concerning frame deformations and stresses. Finer discretization would give more accurate results and nonlinear analysis could more precisely indicate critical details in the construction. However, the obtained results approve the simulation approach and model reliability for investigation the designing of assembly techniques.

Further research would try to include solid mesh instead of thin shell elements and the simulation of stress in the bolts. It could enable the complex optimization of assembly techniques and design details.
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