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Automated Screw-pin adjustment for reconfigurable moulding machine
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To stay competitive, the moulding industry must possess manufacturing systems that are responsive to rapid market changes. Reconfigurable moulding is therefore much in demand. After the development of a vacuum forming machine, in which the pins are configured to a near-net shape and machined to final shape with minimal material removal, this paper discusses in detail the support software development that enables the automatic adjustment of discrete-pins to represent different component geometry. In this paper, the methodology is firstly explained, and the implementation of the system within the software is then demonstrated. The software system includes three parts: (1) component discretization, (2) Discrete-pin construction, adjustment, and G code generation (SCAG) and (3) Display and verification. Vacuum forming of a car model is used as case study.
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The nominal diameter of the discrete pin
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Length of the discrete pin and pitch (P p ). ij k N (x,y,z) The k th node within the patch (x,y,z) The pin in the i th row and j th column of the discrete-pin matrix P p
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The number of row of the discrete-in matrix The (i,j) th NURBS patch of the c S in response to the P ij
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The tooling space constructed by the discrete-pin matrix

X p

Distance between the central axes of the two discrete pins next to each other in the X direction 

Introduction

Manufacturing companies in the 21st Century face unpredictable market changes. These changes include the frequent introduction of new products, changing product demand and mix, the manufacture of legacy parts for existing products, new government regulations, and new material and process technology. To stay competitive, manufacturing companies must possess manufacturing systems that are responsive to all these variables.

The moulding industry is a fundamental industry in many countries and moulding itself is regarded as one of the most important manufacturing processes. Currently, moulding machines are overwhelmingly dedicated, expensive and time-consuming and have become the bottle neck of the industry. Reconfigurable moulding is now much in demand as the moulding industry has to become more responsive to unpredictable market changes.

A new reconfigurable moulding machine utilising discrete-pin tooling is therefore proposed. The reconfigurable tooling of such machine is composed of an array of identical discrete-pins which are engaged with each other within a frame. By adjusting the vertical displacement of the discrete pins, a wider variety of component geometry can be formed, thus active control over the tool shape for the use with different components becomes possible.

Having developed a machine for reconfigurable moulding, the paper focuses on the software programme that enables automatic G code generation for discrete pin adjustment that in turn enables its reconfigurability for different components.

Prior art

As defined by [START_REF] Munro | Reconfigurable pin-type tooling: A survey of prior art and reduction to practice[END_REF], a reconfigurable tool herein is defined as a machine that can be repeatedly configured by a user to shape When adjusting a pin, the pin rows next to the pin being adjusted can be separated automatically to allow individual pins, which are mounted on discretes, to be adjusted vertically by rotating them around the central axis.

After adjustment, all the square pins are oriented at 45 degrees to allow for efficient packing with adjacent rows. Finally, the rough upper surface of adjusted pin ends is CNC machined to produce the final tool shape without the need for excessive material waste.

Although advanced research has been conducted with MPF technology, since every pin in the MPF system is individually controlled by a servo motor, the machine is very expensive, which prohibits the technology from being employed widely. Similar problems exist in the reconfigurable pin tooling technology developed by Surface Generation plc. The reconfigurable moulding machine, utilising discrete-pin tooling, can move pins automatically to desired positions by a CNC discrete driver, therefore, eliminating the need for employing servo motors to adjust individual pins, significantly reducing the cost of servo motors and the complexity of the machine system, and being more affordable for industry, e.g. SME companies.

Having developed a vacuum forming machine shown in Figure 1, in which the pins are configured to a near-net shape and machined to final shape with minimal material removal, this paper discusses in detail the development of support software that enables an automatic adjustment of discrete-pins in order to represent different component geometry. This software enabling system has not been discussed within the remit of previous reconfigurable moulding systems.

Add here Figure 1 
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The parameters of a discrete pin tooling include rows (R shown in Figure 2, is needed to identify the position of P ij , and is determined by the pin diameter (D p ) and the Pitch (P p ). When two identical external discretes are meshed together, the distance of the discrete pin in X direction X p is:

X p =D p -0.649519 × × × × P p (2) Y p = × × × × 2 3 ( D p -0.649519 × × × × P p ) (3) 
As shown in Figure 3, assuming that the coordinate frame of the discrete-pin matrix is in the centre of the matrix, the position of P ij is a function of i and j.

The function of the Y coordinate value of P ij is:

P ij .y = i × × × × Y p -(R p -1)/2 × × × × Y p (4)
Since there is one pin less in even rows, the x, y, z positions of the last pin in even row is assigned as zero. Otherwise, the function of the x coordinate value of P ij (x,y,z) is dependent on whether i is odd or even: Where ij S (x,y,z) denotes the (i,j) th NURBS patch of the S c in response to the 

P ij .x = j × × × × X p -(C p -1)/2 × × × × X p if in even row (5) P ij .x=j× × × × X p -(C p -2)/2 × × × × X p if in odd row (6) 
P ij , P ij .x-X p /2 ≤ ≤ ≤ ≤ ij S .x ≤ ≤ ≤ ≤ P ij .x+X p /2 (8) P ij .y-Y p /2 ≤ ≤ ≤ ≤ ij S .
U U U ≈ ≈ ≈ ≈ ∈ ∈ ∈ ∈ k [1,t] (10) 
Where ij k N (x,y,z) denotes the k th node within the patch ij S .

In order for the tooling space S t to represent the net-shape of the component geometry surface c S , whist having minimal material removed, then:

P ij .z =Max ( ij 1 N .z, …, ij k N .z,…, ij t N ,z) (11)
Let 0 ij P and 1 ij P be the P ij for previous and current components respectively, then the amount of adjustment in degree A ij for the (i,j) th discrete-pin is: 

A ij = ( 1 ij P .z -0 ij P .z )/P p × × × × 360 ( 

Component discretization

In order to obtain the component position information in response to the discrete-pin matrix, it is essential to discretize the 3D component surfaces.

There are two types of discretization: discretization of 3D CAD model and discretization of the 3D physical model. The discretization of 3D CAD model is also called mesh generation, and is the same as that of Finite Element Analysis, and is therefore conducted using FEA software (ABAQUS/CAE).

Discretization of a 3D physical model, employed when CAD models are not available, is conducted through scanning by using the Gom scanner.

To avoid meshing the component surface with the finite element analysis environment, it is important to obtain a good quality of nodes that are evenly distributed over the component surface. Also, when transferring geometry from a CAD environment to an FEA environment, information loss occurs frequently due to the disparity between the interpretation and data expression of different software, therefore it is first important to repair the geometry before the discretization takes place. The detailed steps for the geometry discretization are shown in Figure 5.

Add here Figure 5: Mesh generation within Finite Element Analysis software

Discrete-pin construction, adjustment, evaluation and G code generation (SCAG)

SCAG is a user friendly interface developed within a visual basic environment.

The purpose of the system is to allow users to process an output file from the previous discretization process in order to obtain point position and thus make a decision on whether a new discrete-pin matrix or the previous discrete-pin matrix should be used. If a new discrete-pin matrix is needed, it can be constructed parametrically, otherwise, the previous discrete-pin matrix can be retrieved. After this process has taken place, the amount of discrete-pin adjustment is calculated based on the height difference between the discretepin matrix and the geometry of the component; and an assessment is made on whether the discrete-pin matrix is suitable for the component. If the conclusion is yes, then a G code for the Fagor CNC controller is generated automatically, otherwise, it will feedback to the user so that the user can modify the discrete-pin matrix to avoid problems occurring at a later downstream stage. In summary, the SCAG is composed of five parts: 

Case study

As shown in Figure 7, a car model can be generated within commercial software and saved as a neutral file format (*.igs). as shown in Figure 7(a).

The car model was inputted into ABAQUS CAD to be discretized as shown in 

  Distance between the central axes of the two discrete pins next to each other in the Y direction

  forming (MPF) is a flexible forming method for sheet metal parts developed by a research group led by Prof. Li at Jilin University, China. It uses two reconfigurable pin groups which function as the stamping dies to form a sheet. The reconfigurability of the MPF machine is realised by a matrix of pins in the punches, each of which are controlled by a servo motor and are independently adjusted to an appropriate position to form different component geometry. The application of the MPF machine has been used for the manufacture of panels for high speed trains (Avant-Garde Communication), sheet metal forming[START_REF] Sun | Study of blank holder technology on multi-point forming of thin sheet metal[END_REF] and medical engineering applications[START_REF] Chen | Digital manufacture of titanium prosthesis for cranioplasty[END_REF][START_REF] Tan | Research on the process of multi-point forming for the customised titanium alloy cranial prosthesis[END_REF]. The research undertaken into the MPF machine has included the minimization of spring back[START_REF] Liu | Principles and apparatus of multi-point forming for sheet metal[END_REF], the digital manufacture of titanium prosphesis for cranioplasty[START_REF] Chen | Digital manufacture of titanium prosthesis for cranioplasty[END_REF] Tan et al 2006), the study of forming rules and characteristics of MPF for dish heads[START_REF] Qian | The analysis on the process of multi-point forming to dish head[END_REF], the finite element simulation of MPF sheet forming process[START_REF] Cai | Finite Element simulation of multi-point sheet forming process based on implicit scheme[END_REF] and the surface design for a blank holder in the MPF[START_REF] Sun | Study of blank holder technology on multi-point forming of thin sheet metal[END_REF].Reconfigurable Pin Tooling™ technology was developed by Surface Generation plc. using patented pin technology(Halford a 2005, Halford b 2005 and Halford 2006). The pin tooling system developed by Surface Generation plc. has a matrix of square shaped pins made of a consumable tool material.

  : Frame of reconfigurable discrete pin tooling system Add here Figure 2: Screw-pin engagement 3. Methodology Identical standard discrete pins are used. There are two possible pin engagement methods as shown in Figure 2. Obviously, the gap between pins is smaller in Figure 2(a) than of that in Figure 2(b), thus the engagement method in Figure 2(a) is selected, leading to one less pin in the even row than those in the odd row. Assuming that the discrete-pin matrix is composed of n m × × × × pins, let P ij (x,y,z) denote the pin in row i and column j, P ij (x,y,z) is represented by the intersection point of the top surface and the central axis of the pin, then tooling space S t can be expressed as a set of these discrete points as:

  p ) and columns (C p ) of discrete pins (C p is the column number in the odd row), pin diameter (D p ), length (L p ) and pitch (P p ). The distance between the two discrete-pin central axes in the x direction and in the Y direction, designated as X p and Y p as

Where

  i∈ ∈ ∈ ∈[0,R p -1] and j∈ ∈ ∈ ∈[1, C p -1] Add here Figure 3: Screw-pin position and its relation to the R p and C p A general three dimensional component surface S c can be meshed as m

  Add here Figure 4: Software framework Discrete-pin tooling control is conducted in three steps and the detail of the framework is shown Figure 4. Different software platforms including CAD/CAM (Unigraphics), Finite Element Analysis software (ABAQUS) andscanning software (Gom) are integrated into the interface and developed using Visual Basic. The system is composed of three parts: (1) Component discretization, (2) Discrete-pin construction, adjustment, evaluation and G code generation (SCAG) and (3) Display and verification.

  processing: to process the FEA and scanned component s to obtain the point (node) coordinate position; 2) Parametric discrete-pin matrix construction: allows the user to retrieve the previous discrete-pin matrix or construct a new discrete-pin matrix; 3) Discrete-pin adjustment: calculate the amount of adjustment for each discrete-pin; 4) Saving and retrieving a discrete-pin matrix; 5) Evaluation: to assess whether or not the overall size of a discrete-pin matrix and the remaining length of individual pins are sufficient for a new component. 6) G code generation: Automatic generation of a G-code for the discrete pin adjustment for the Fagor controllers.

Figure 6

 6 Figure6shows the interface which facilitates the user to 1) choose to create a new discrete-pin matrix or retrieve a previously generated discrete-pin matrix, 2) Select the component geometry file as that either generated from Abaqus software or from the file generated from a scanner; 3) If the discrete-pin matrix is retrieved rather than constructed from new, the user needs to select the previous component file for the retrieved discrete-matrix.

Figure 7 Figure 3 :

 73 Figure7(b). The meshed file was exported to the interface shown in Figure6to calculate the amount of discrete-pin adjustment. The final position of the discrete-pin was saved as a txt file and was exported to Unigraphics using the GRIP programme. The 3D simplified pins matrix were created automatically and compared with the original CAD model. Once the position of the discretepins has been verified, the pin matrix file will be used as input for the physical pin adjustment by using an automated screw driver and step motors as shown in Figure7(d). As the model is relatively complicated, to achieve a smooth surface in resulting moulded components, the pins need to be subsequently machined as shown in Figure7(e). A vacuum formed product using the pin mould can be found in Figure7(f).

  

  

  

  Each of the patches can be discretised into many discreet points, and assuming that point cloud is well defined and can replace the surface model,
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S can be further represented by t discreet nodes, then: ij S