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Abstract 

For complex sheet metal parts, multiple stamping stages are needed in a sequence. In 

todayôs industry, intermediate parts are transferred between stages automatically by feeding 

as a strip (progressive die) or a blank (transfer die). Although progressive/transfer dies are 

highly automated, transfer system parameters need to be predefined. These parameters 

must ensure that the part is transferred to next stage quickly and safely. However, due to 

highly complex geometry and motion in the die system, these parameters are conventionally 

finalized manually according to designersô experience. 

In this thesis, algorithms are proposed to optimize transfer system parameters in transfer die, 

according to the geometry and motion restrictions of the entire system. Two algorithms are 

proposed to complete a two-step optimization process.  

In the first step, the geometry of the die set and parts are analyzed. Based on Siemens NX 

software and customized kinematic model, motions of die components are simulated, an 

ñObstacle Mapò is generated to record the potential collisions between parts (and grippers) 

and die set during the part transfer process. Obstacle map can be regarded as an inherent 

property of the entire die system geometry, which can be utilized not only for the 

optimization algorithm proposed in the second step, but also for future research. 

In the second step, with obstacle map, motions of the transfer system are analyzed. 

According to system motion capacity and freedom of modification in practice, transfer 

system parameters are optimized. The core of the algorithm in this step is to apply overlap 

between motions to reduce the transfer duration. Lift stroke and press stroke are also 

optimized when modifications are allowed. The optimized transfer system parameters result 

in improved strokes per minute, while all the obstacles in the obstacle map are bypassed. 

One case study for a typical transfer die system with 14 initial SPM is performed to show the 

effectiveness of the proposed algorithms. Four levels of optimization are conducted with 

increasing freedom of modification: initial speed -> maximum speed -> allow lift stroke 

modification -> allow press stroke modification. The results show that the proposed 

algorithms are valid, SPM can be improved (22.9 -> 26.52 -> 26.61 -> 27.99) in different 

situations. Some topics can be further addressed based on the works in this thesis, future 

works can focus on algorithm expansion to progressive die, and algorithm improvements for 

more complex cases. 
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1 Introduction 

1.1 Background 

Sheet metal parts are everywhere in our daily life, they can be as small as a key, or as big 

as a vehicle frame. Stamping, as one of the major processing methods in sheet metal 

forming, is widely used in industry. Stamping die production line can produce at high speed 

with high product consistency. These advantages make stamping especially suitable for 

todayôs high demand and increasingly automated industry.  

Because automotive industry is one of the most important aspects of mechanical 

engineering, the market of automotive component stamping is large. Nowadays, 

components like bumpers, doors, frames and body panels are all produced through 

stamping process. Essentially, there are thousands of stamped components on a car. 

According to market reports [1] [2], after the trough in 2009, the automotive industry is 

recovering quickly while pushing the business and technology to the next generation. It is 

predicted that automotive metal stamping market will worth over one hundred billion dollars 

by 2024. The reason behind such prediction is the rising demand and decreasing 

manufacturing costs. 

However, apart from the positive outlook, the stamping industry is also facing serious 

challenges. Productivity and cost issues give huge pressure to manufacturers and push 

them to improve. Particularly, for vehicle components, it is common for products to have 

complex shapes, hence multiple stamping steps and multiple stamping machines are often 

needed in a sequence to make one product. Traditionally, human operators do the transfer 

work by hands, which result in low efficiency, labor cost and misfeeding, and sometimes 

even cause safety issues. 

Progressive die and transfer die were developed to solve the above issue. A progressive die 

set uses coil metal in feeding, metal strip travel along the multiple stage production line. On 

each stage, the strip will be punched once and features will be added to the product, each 

stage will conduct a part of the work, and in the last stage, a final product will be cut from 

the strip. Therefore, part transfer between stages is conducted by the metal strip and feeder. 

A transfer die set uses sheet metal stack (usually blanked from coil steel) in feeding, each 

piece of metal will end up as one product. Robotic arms and fingers are used to transfer 
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parts between stages, simply simulate the human operatorsô work, but in a faster and more 

accurate way. Transfer die can handle more complex features on the part, because parts 

are physically independent.  

The concepts of progressive/transfer die are not new, but many manufacturers did not pay 

enough attention to them until they are facing such pressure in improving their technology 

today. Transformation from labor-intensive to knowledge-intensive industry has redefined 

stamping plants. With machine operation, productivity and consistency can be improved, 

labor costs and hazard can be reduced. For some of the most automated plants, workers 

only need to feed the raw material to the production line at the beginning of production, then 

they can just stand at the end of the line and pack products. 

It is noted that progressive/transfer die also have their specific challenges. In order to 

transfer parts automatically, part design, die design and transfer system design need to fit 

such objective. For progressive die, since the part must be carried by the strip, additional 

strip width is needed to sit on the ñslide wayò. Clearance between parts may also be more 

than necessary when the die cannot be made compact enough. For transfer die, although it 

can handle complex products in operation process, the transfer process is tricky. Since 

there is no ñslide wayò to assist the transfer process in transfer die, robotic arms and fingers 

in transfer die must be carefully designed, their motion must be carefully defined to ensure a 

smooth, safe and quick transfer process. 

Geometry design and motion pattern in progressive/transfer die will greatly affect the 

productivity and cost, which are the key factors in automotive components stamping industry. 

New technologies focused on these factors have become the main drive of the improvement 

of this industry, and will continuously be highly demanded. 

 

1.2 Motivations 

Progressive/transfer dies are widely used in the industry, it is of great value to develop and 

apply new technologies in this area. As the market reports, cost and productivity are 

decisive factors in progressive/transfer die. Since the production of one progressive/transfer 

die system is huge, minor changes can result in large difference. For example, one percent 

more scrap area can cause large material waste, and one more product produced per 

minute can make a lot of profit. 
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Therefore, researchers should pay attention to the growing demand of new technologies in 

order to reduce cost and improve productivity. For cost side, research can be focused on 

lower cost materials, lower operation cost and less raw material. For productivity side, since 

progressive/transfer die already replaced human operators with machine transfer system, 

the transfer system efficiency will be a key factor for productivity. 

As a quantitative indicator of productivity, strokes per minute (SPM) is the major concern in 

real cases. On the control panel of each press machine, there will be a place to set or view 

SPM (and/or cycle time which equals to 60s/SPM). SPM indicates how many products the 

production line can produce per minute. This vital factor, however, currently largely depends 

on engineersô experience. The reason is, in todayôs industry, division of designing and 

manufacturing work makes it difficult for any single person to have a good understanding of 

the whole die set. For progressive/transfer die, there are multiple stages, the scale of the 

whole system can be huge, it is almost impossible to have only one designer for all the 

stages. Hence the difficulty for progressive/transfer die review is significant. Conventionally, 

die review is done by using the exploded view. For each critical timing, a corresponded 

exploded view needs to be created, this process is time consuming and error-prone. 

However, even with these views, reviewers still need to imagine the interactions between 

components, not to mention if there is any modification in die design, the related process 

must repeat. Therefore, running strategy of progressive/transfer die can only be finalized by 

designersô experience if there is no tool to help analyzing the motion regarding the overall 

geometry of whole production line. 

It is conceivable that there is a need for this kind of system, which can help designers or 

manufacturers to decide optimum SPM. In this thesis, motion analysis regarding part and 

die geometry will be conducted. For specific projects, the unique geometry property can be 

obtained and recorded, from which optimum SPM can be derived. 

 

1.3 Objectives 

It should be noted that SPM can be modified in multiple situations. Commonly, the design 

team decides SPM after die review. During the design stage, it is possible for designers to 

be given an expected SPM, so the die will be designed to meet the requirement, at this 

stage, not only SPM, but also the die design can be modified to suit each other. Even at the 

production stage, it is still possible to modify SPM by changing settings in the transfer 
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system after a few trial runs. At this stage, however, the die is already made and it is usually 

not suggested to change the design ï counting the time to redesign and remanufacturing, 

the overall productivity can be even lower. In this case, only the transfer system parameters 

can be modified (e.g. timings, speeds). 

Therefore, first of all, a system for progressive/transfer die SPM optimization should be able 

to recognize the die design and extract information from its geometry. Secondly, since the 

technical concerns mainly focus on the interactions between multiple moving components, 

the system must consider the motion characteristics of these components. Thirdly, the 

proposed system should be able to deal with different requirements for motion analysis, and 

provide multiple options regarding different cases in practice.  

In this context, this thesis is dedicated to developing such a system that can do geometry 

and motion analysis for progressive/transfer die. The proposed system will be able to 

access the geometry of the die and product ï most likely to be the CAD part/assembly file ï 

and be able to extract necessary information. It will also be able to set or get motion 

parameters for progressive/transfer die, and optimize these parameters regarding different 

requirements. In order to conduct the above functions, the following works are necessary: 

1. Develop a method that can analyze geometric information of progressive/transfer die 

system, it should contain a reliable kinematic model for transfer die. Progressive die 

can be considered as a simplified case of transfer die, so this will also solve the 

kinematic model for progressive die. Particularly, for a given motion strategy, the 

system should be able to simulate the movement and output required information. 

2. Develop a method that can utilize the output information from the above method. 

With this information and other user inputs, calculate optimum transfer system 

parameters regarding the following factors: kinematic constraints (motion capacities, 

dwell time, etc.), mechanical constraints (collision etc.), and user intentions (freedom 

of modification, clearance etc.).  

After the above optimization process, two constraints can be obtained. The first is about 

geometry: at which stage, which particular die/part geometry becomes the constraint of 

higher SPM. The second is about motion: when trying to speed up producing, which motion 

capacity will become the constraint of higher SPM. With these information, users will have a 

better understanding of their die project, and be able to make changes according to their 

freedom of modification. 
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1.4 Thesis Structure 

The following of this thesis will be arranged as follows: 

Apart from the introduction in Chapter 1, there will be one more chapter that reviews the 

previous studies in progressive/transfer die. The literature review in Chapter 2 will finalize 

the background knowledge of this thesis.  

Then, the prerequisites of this thesis will be introduced. The basis of motion analysis in this 

thesis is the motion curves and die components, which will be introduced in Chapter 3.  In 

Chapter 4, the kinematic model for progressive/transfer die will be presented, since the 

kinematic model is closely related to Siemens NXTM and DYNMIK DESIGNTM software, they 

will be introduced as well.  

In Chapter 5, one of the core concepts of the proposed system ï obstacle map ï will be 

introduced. Plus, the mapping strategy and method will be addressed. With the obstacle 

map for a particular die set, optimization of transfer system can be conducted, the method 

for such optimization will be shown in Chapter 6.  

In chapter 7, one case study will be presented to show how the proposed algorithms in this 

thesis can improve SPM for a transfer die project. Finally, in Chapter 8, contributions of this 

thesis will be discussed, plus, the observed or remaining issues will be presented, thus the 

topics for future research can be clarified. 

Figure 1.1 shows the thesis structure as a flow chart. 
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Figure 1.1: Thesis Structure 
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2 Literature Review 

2.1 Reduce Cost and Improve Productivity 

Sheet metal parts are widely used in our daily life, the geometry of sheet metal parts varies. 

Some very simple parts can be manufactured with just one punch, but for some complex 

parts, multiple stamping operations must be conducted.  

Instead of several simple dies conducted on separate press machines, progressive die or 

transfer die combines these operations into one press machine with multiple stages. A 

progressive die system operates on a sheet metal strip along stages, while a transfer die 

system operates on several sheet metal blanks and transfer them between stages. 

Therefore, different stages of part production can be performed simultaneously within one 

punch. In the first station, the raw material (strip/blank) is sent into the production line, in the 

final station, completed parts are collected from the production line. This process enables 

high productivity and high product consistency. 

However, the progressive/transfer die facilities are often complex and expensive. Reducing 

operation cost and increasing productivity are two reasonable ways to increase profit from a 

progressive/transfer die production line, 

It was found that among operation costs, raw material cost dominates other costs [3]. The 

reason is that materials are fed as a metal strip in progressive die, or as blanks in transfer 

die. The material utilization strongly depends on the shape and orientation of unfolded part. 

For a given product model, unfolded blank shape can be obtained naturally, but blank 

orientation is changeable. To determine the optimum blank orientation, namely, blank layout, 

for maximize material utilization and minimize scrap, is important for cost reducing.  

The productivity of a die set can be presented by strokes per minute (SPM). A cycle of one 

stroke can be subdivided into the following steps: die open -> stripper frees the blank -> 

blank move from the current station to the next station -> stripper holds the blank at the next 

station -> die close. It can be found that this process is simply moving the blank between 

two stages during the die open period, and from common sense, the time of this process is 

depended on distance and speed. Moreover, for progressive/transfer dies, the blank must 

be located at the exact position, so piloting system, as another factor, is essential. Distance 

between two stations is called pitch, this factor is related to blank orientation and product 
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design. Speed is a property of strip feeder in progressive die, or a property of the gripper 

driver in transfer die. And the piloting system, which is a part of die geometry, has a lot of 

interactions with blank layout design. 

The remaining of this literature review will be focused on methods to reduce cycle time and 

improve productivity for progressive/transfer die. Cost reducing issue will also be addressed 

because some topics about improving productivity have already considered cost reducing 

issue. In section 2.2~2.4, literature reviews on ñBlank/Strip layoutò, ñPiloting systemò and 

ñKinematicsò will be presented. In section 2.5, some other approaches will be discussed. 

Conclusions and comments will be given in 2.6. 

2.2 Blank/Strip Layout 

By unfolding a model of stamped metal part to a flat pattern, and nesting the pattern on the 

metal sheet, a blank layout can be generated. Then, operations can be identified and 

managed, the sequence planning can be generated and will result in a strip layout. Design 

of blank and strip layout is a highly experience-intensive task. Traditionally, they are 

conducted by experienced stamping engineers. During decades, researchers keep trying to 

simplify this task by developing tools to assist designers, or even automatically solve the 

task by simulating designersô activities. 

2.2.1 Blank Layout 

Blank layout is directly related to the distance between stations. And it is one of the 

most important design tasks for material utilization. Because the flat pattern of a 

product usually contains complex 2D features, the previous works on blank layout 

tend to surround the flat pattern with a polygon, and try to find the optimum layout of 

the polygon. 

Adamowicz, M et al. [4] can be considered as pioneers of this aspect. They packed 

the flat pattern to a minimum rectangle, and repeat the rectangle along the strip. The 

drawback of their method is obvious: a rectangle is far from the real contour of the 

flat pattern, and it will result in large material waste. Singh, R et al. [5] developed a 

system for 2D part blank layout modelling with low cost. Their nesting algorithm can 

generate more complex polygons. Venkata Rao et al. [6] proposed an analytic 

hierarchy process method (AHP) to compare different strip layouts. Five factors: 

material utilization, die cost, operation cost, production rate and job accuracy are 
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considered with relative weight factors. However, the above algorithms are still at the 

primary stage, while the orientation of blanks was not considered. 

 

 

Figure 2.1: Rotate the sketch and find the angle that minimizes scrap 
area [7] 

 

In order to determine the optimum blank orientation, Ghatrehnaby, M et al. [7] 

introduced a method which automates the nesting of different parts according to 

minimum scrap strategy. The method is also capable for selecting direct pilots (if 

there are any) or creating semi-direct or indirect pilots for the strip. In their method, 

the nesting part is done basically by rotating the sketch and detecting contact 

between current and next part (Figure 2.1), then find the angle that minimizes scrap 

area. 

2.2.2 Operation Sequence Planning 

After the blank layout is generated, the remaining task is to produce the part of the 

blank. There are a lot of available stamping operations in todayôs industry. Typically, 

these operations can be grouped into three categories: shearing, bending and 

forming [8]. Shearing is to separate the material using shearing force, this is the 

most common and necessary operation. Hole punching, blanking, trimming are all 

shearing operations. Bending is to generate local deformation along the bend line, 

which includes L-bend, U-bend and others according to the bending shape. Forming 

operation includes drawing, embossing and other operations that generate 

deformation on the entire punching area. 

Sequence planning is of great importance in die design. First of all, the stampability 

must be considered, no collision is allowed. Secondly, some operations can be done 

in one station and some operations must be, or better to be conducted in a 

sequence. Balancing, accuracy, piloting, spring back etc. are also noticeable factors. 
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Lin, Z et al. [9] and Tumkor, S et al. [10] focused on unbalanced moments in 

progressive die. They proposed methods in sequence planning to reduce 

unbalanced moments. It is concluded by Lin, Z et al. [9] that it is better not to mix 

operations in different categories. Most shearing operations should be done 

consecutively, then bending and forming. Changing the sequence of categories is 

acceptable, for example, conduct forming first and then shearing and bending. But a 

mixed sequence, for example, shearing-bending-forming-shearing-bendingé is not 

suggested.  

Kumar, S et al. [11] developed a rule-based expert system approach of Artificial 

Intelligence for automation of strip-layout design. Chu, C. et al. [12] [13] developed a 

method for stamping operation sequencing by presenting two graphs, operation 

adjacency graph and operation precedence graph. Their method is based on feature 

tree, however, it has a couple of drawbacks. It is possible that a stamping process 

regard to design tree is not the best process in manufacturing, some separately 

designed features may actually be able to be combined into one station. The 

repeatedly revised model may also result in non-optimal feature tree.  

Tor, S. B. et al. [14] tried another approach, case-based methods, to generate strip 

layout for progressive die. By retrieving similar and successful cases from case 

library, solutions for new case can be generated. A case-based reasoning system is 

faster than knowledge-based systems, and it can learn from past mistakes. However, 

for a case-based method, it is difficult to complete case library for all possible cases. 

In Tor, S. Bôs later work [15] [16] [17], hybrid systems and blackboard-based systems 

are developed. The blackboard system is like several specialists discussing the 

problem with one blackboard, everyone can modify data on the blackboard, and 

discussion may happen when ñmodifyò event happens. Hence different methods can 

be combined (Figure 2.2). 

 



11 
 

 

 

Figure 2.2: Blackboard 
architecture for stamping process 

planning [17] 
 

Figure 2.3: Photograph of L-shape cup 
drawing from a circular blank  [18] 

 

Forming process, especially the drawing process, is usually planned separately, 

because unlike shearing and bending, as shown in Figure 2.3, drawing process 

causes a large deformation on the whole blank. Some defects like wrinkling and 

necking must be avoided in drawing process. Effective factors for this process are 

studied by researchers, and it can be summarized that blank material [19], tool 

shape [20] [21], tool material [22] and blank holding force [20] [23] can affect the 

performance in drawing process. It is conceivable that many deep drawing products 

do not contain a lot of operations of other categories, because large deformation 

caused by drawing is harmful for other existing features. 

2.2.3 Strip Layout 

The result of blank layout and sequence planning is the strip layout. Figure 2.4 

shows a typical strip layout for a product which contains shearing and bending 

operations. Blanking operations are conducted in the first few stations, and followed 

by bending operations. Some punches are combined to reduce the number of 

stations. And pilot holes are manufactured in the very first station. The piloting 

system will be discussed in section 2.3. 

 

Figure 2.4: Strip layout of a typical progressive die product  [8]  
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2.3 Piloting 

Piloting system is important for progressive/transfer die. For multiple stations, strip/blank 

must be located in the right position accurately. This is vital for the quality of product. To 

achieve this, pilot holes are often needed.  

Generally, there are three kinds of piloting in progressive dies ï direct, indirect and semi-

direct. Direct piloting is to directly use holes of product for piloting purpose. Indirect piloting 

is to create holes outside the blank area for piloting. And semi-direct piloting is to find a 

circular area in a non-circular hole of the part, create holes in the area for piloting, and finish 

the non-circular hole after piloting task is done (e.g. in the last station). 

2.3.1 Pilot Hole Designing 

Designing of piloting system is a relatively straightforward task, when the strip layout 

is well done, the scrap area should be limited, and there will not be too many options 

for indirect piloting. For direct or semi-direct piloting, the options are also limited 

because of the part geometry. Therefore, some researches on blank/strip layout 

have already taken piloting system into consideration. In Ghatrehnabyôs method for 

blank layout [7], the piloting part is done by comparing all three strategies (direct, 

semi-direct, indirect piloting) and chooses the one which has the least scrap, if scrap 

amount is same, indirect piloting is preferred for reducing wear on the product. 

Kumar, S et al. [11] also considered piloting system in their system for strip layout 

design, but their method only considered direct piloting. 

In order to obtain an accurate mathematical solution for pilot hole design, 

Ghatrehnaby, M et al. [24] developed a method based on medial axis transform 

(MAT) to design pilot holes automatically. The shape of part is described by its MAT 

and three types of pilot holes can be accurately calculated mathematically.  

Figure 2.5 and Figure 2.6 shows how the MAT method designs indirect pilot holes. 

By applying MAT to upper and lower scrap area, their MAT presentation can be 

generated. Set a threshold of minimum pilot hole radius, then the valid part of MAT 

presentation can be obtained (Figure 2.6). Finally the centre of pilot holes is chosen 

to be the points with minimum Y value in upper scrap area (USA) and maximum Y 

value in lower scrap area (LSA), which will results in minimum increase in strip width.  
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Figure 2.5: Determine MAT [24] 
 

(a) An example workpiece.  
(b) Nesting template. 
(c) USA & LSA.  
(d) Medial axis for USA & LSA  

 

Figure 2.6: Solve pilot holes from MAT [24] 
 

The points with minimum Y value in USA and 
maximum Y value in LSA results in minimum 
increase in strip width  

 

A drawback of MAT method is the high requirement for the computerôs geometrical 

ability. For some complex edges, the mathematical form of medial axis can be very 

complex and very difficult to solve. Moghaddam, M. J et al. [25] proposed another 

method for piloting system design. The highlight of this method is that features are 

translated into coordinates. Hence geometrical ability of modelling software is not the 

decisive factor, calculation time can be reduced. This method is limited by the size of 

the pixels and largest deviation will be one pixel length. Although the algorithm is 

easy to apply, decrease size of the pixels will increase the amount of calculation.   

2.3.2 Pilot Hole Utilizing 

High precision is the goal of piloting system, because feeding accuracy is directly 

related to the product quality. Vallance, R.R et al. [26] developed an analytical model 

to estimate the pitch distance between pilot holes, which considered potential errors 

in piloting system and piloting process. They concluded that errors may come from 

clearances between pilot pin and its related tools and holes, as well as errors 

generated when punching a new pilot hole. 

 

Figure 2.7: Proper feed release 
procedure [27] 
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In order to reduce cycle time and increase productivity, quickness of piloting system 

is equally important. Art Hedrick [27] studied the procedure in piloting system, when 

blank or strip is entering one station, the feeder must free the part before pilot pin 

enters the pilot hole. However, if feeder frees the part too early, it can pull the strip 

out of position. Art Hedrick then suggested a proper feed release procedure (Figure 

2.7). The feed release must be timed so that the bullet nose of the pilot pin partially 

enters the pilot hole. Therefore, when the part is freed, the shift will not be out of 

control. By doing so, not only the piloting speed can increase, but also pilot pin wear 

can be reduced. 

2.4 Kinematics 

Some kinematic issues have been addressed in previous sections. For example, moment 

balancing of punch and die is related to strip layout design, feed release timing is related to 

pilot hole utilization. There are some other issues in progressive/transfer die kinematics, like 

stamping speed and strip/blank feeding rate, collision avoidance, motion characteristics and 

accuracy are also related to kinematics. 

2.4.1 High-Speed Feeding and Stamping 

Feed speed and stamping speed is directly related to productivity. For feed speed, Al 

Lochtefeld [28] illustrated several factors in high speed feeding such as grip force, 

coefficient of friction and inertia. However, although manufacturers can provide 

product lines with 1000-SPM servo-driven feeds or 2000-SPM cam-driven feeds, the 

operation speed is actually limited by stamping speed rather than feed speed. 

For stamping speed, Osakada, K et al. [29] reviewed mechanical servo press 

technology. They showed that mechanical servo press combines the advantages of 

mechanical press (high speed, accuracy and reliability) and hydraulic press 

(flexibility, controllability), which has bright prospects in stamping industry.  

2.4.2 Blank Holding and Collision Avoidance 

Similar to strip feeding in progressive die, blank holding and blank transfer have a 

large effect on transfer die. Research on blank holder and collision avoidance in the 

transfer process are of great value to increase productivity and quality. 
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Yagami, T et al. [30] proposed an algorithm to control the blank holder motion and 

blank holding force to reduce wrinkling in deep drawing. Ming-Chang Yang [31] 

introduced a modified design for barrel cam in transfer die which can reduce impact 

force during transfer and increase transfer speed. These works on blank holder have 

common defects that they only work for one particular task or specific parts. 

There are multiple ways to avoid collision. Firstly, increasing accuracy of feeding 

system can be one way because a lot of collisions are due to misfeeding. Advanced 

piloting system and strip design (e.g. pitch notch) can be beneficial. The second 

approach is to install sensors. Kate Bachman [32] showed that by introducing four 

sensors (misfeed sensor, overfeed sensor, part-exit sensor and stripper sensor), the 

possibility of die crash can be greatly reduced (from twice a week to every six 

months). However, it is conceivable that this method is costly. 

The third way, which is increasingly important in todayôs industry, is to simulate the 

processes virtually. Uncovering potential collisions before production starts can save 

a lot of work and retooling cost, and reduce downtime [33]. This opens the topic of 

motion simulation, which is also the main topic of this thesis. 

2.4.3 Motion Simulation 

Simulating the stamping process virtually has become very useful in practice. In 

todayôs industry, Computer Aided Design is widely used, all the design features are 

stored in part and assembly files. With Product Lifecycle Management (PLM) 

software, stamping process simulation can be conducted right after the designing. 

Designers can see how the components will move and interact, they can also 

analyze the interactions using the powerful tools provided by the software. This 

method is becoming increasingly preferred in todayôs industry. 

2.4.4 Cam Motion 

As the previous contents addressed, there are multiple ways to achieve required 

motions in press machine. However, although hydraulic or servo press can achieve 

high speed or stability, there motion curves are still following the traditional cam 

motion. After all, press machine is moving up and down in one dimension, so 

theoretically its motion can be simply described by the motion of a cam follower. And 

the characteristics of its motion can be solved mathematically. 
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For analyzing cam motion characteristics, SVAJ diagram is often used. While S is 

the displacement, V, A and J are first to third derivative. So V is velocity, A is 

acceleration, and J is jerk. A typical SVAJ diagram of a Uniform Motion cam is 

shown in Figure 2.8.  

 

Figure 2.8: SVAJ Diagram of Uniform Motion [34] 
 

It is very straightforward that SVAJ diagram can show that uniform motion is not a 

good cam design. Velocity has discontinuities, acceleration and jerk have infinite 

value at certain degrees. Hence, this design is rarely used in reality. There are 

several existing cam motions which have better properties. They are shown in Figure 

2.9. 
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Figure 2.9: SVAJ Diagram of Simple Harmonic (left), Cycloidal (middle) and 
Parabolic (right) Cam Motion [35] 

 

Norton, Robert L. [34] summarized previous studies and experimental results in cam 

motion, then stated that a good cam function must be continuous in SVA diagram, 

and hence must be finite in Jerk diagram. Waldron, Kenneth J. [36] also notes that 

an infinite jerk should be prevented because it can cause vibrations in the system. 

Based on the above rule, according to Figure 2.9, Simple Harmonic motion (ί

ÃÏÓ —) and Parabolic motion (ί ὅ— ) causes infinite jerk so they are not 

acceptable. Cycloidal motion (ί Ὤ ÓÉÎ ) is considered to be an 

acceptable design.  

There are some other good cam motions that fulfill the above rules, like Modified 

Trapezoidal, Modified Sine, but the one which is more often used in todayôs industry 

is Polynomial Motion (ί ὅ ὅὼ ὅὼ ὅὼ ὅὼ Ễ ὅὼ ). It can be 

found from its equation that polynomial motion has several advantages. The 

coefficients are easy to solve from given boundary conditions, meanwhile, from 

given coefficients, it is easy to calculate the derivatives. Hence a polynomial curve is 

more versatile to handle even stricter rules for the motion. A 5-order polynomial 

motion can have a continuous SVA diagram and finite Jerk diagram. Moreover, a 7-

order polynomial motion can even have a continuous Jerk diagram. 
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Figure 2.10: Follower motion for various polynomial cam profiles [37] 
 

Kiran et al. [37] studied multiple polynomial cam profiles from 3-order to 7-order. And 

concluded that 2-3 polynomial cam profile show discontinuous in acceleration. 4-5-6-

7 polynomial cam profile have smooth jerk property, but the opening period becomes 

smaller and peak velocity is higher, which means the kinetic energy consumption is 

higher. 3-4-5 polynomial curve shows good SVAJ property and shows an overall 

advantage among other polynomial curves. 

 

2.5 Other Approaches 

The material of punch, die and blank is also a noticeable factor. Kumar, S et al. [38] 

proposed a system which can give expert advice on material selection for progressive die 

components, but they didnôt consider stamping speed. When punch speed becomes higher, 

oscillation problem becomes more severe. Hirsch, M et al. [39] tried two light metals (Al, Mg) 

instead of steel, as plate materials. The experimental result shows that light metal can 

reduce the effect of oscillation. But they didnôt show the durability of light metal which is 

doubted. Hot stamping has been a popular research topic recently. By heating to Austenite, 

steel will have better formability, and by forming and quenching to Martensite, the product 

will have ultra-high strength. This technology has very good prospects. But the existing 

heating methods are not able to ensure heating speed and homogeneity at same time [40]. 
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2.6 Comments 

As the above literature review shows, sheet metal forming has become an important 

manufacturing process in many aspects. Progressive/transfer die, as highly automated 

systems, has been increasingly popular in todayôs industry. However, progressive/transfer 

die facilities are often complex and expensive, operation cost is also a major issue. 

Therefore, manufacturers are keen to make more profit from their progressive/transfer die 

production line by reducing operation cost and increasing productivity. 

Researchers have been trying to boost progressive/transfer die industry for decades. Many 

research has been done in improving blank/strip layout, so the material cost (scrap area) 

can be reduced. Moreover, a good blank layout will lead to better operation sequence 

planning. By dividing operations into different categories, and arrange them regarding to 

several factors (knowledge, experience, user intention, etc.), the optimum operation 

sequence can be generated. 

Piloting system will largely affect the product quality, and must be carefully designed. Direct 

piloting is to directly use holes of product for piloting purpose, this is easy to design but has 

the largest impact on product. Indirect piloting is to create holes outside the blank area for 

piloting, thus the impact product is minimized, but it may result in an additional scrap area. 

Semi-direct piloting is to create temporary holes in the area for piloting, and finish the non-

circular hole after piloting task is done, it is very limited in use because of high requirements 

for the product geometry.  

Some of the above issues have already taken kinematic issue into consideration. Yet there 

are still other issues within this category. In current industry, with the popularization of CAD 

software, designers can show their design in 3D and simulate the motions virtually. This 

raises the possibility to observe a ñbadò design and fix problems before the die is 

manufactured. 

It can be found that most research on progressive/transfer die are focused on progressive 

die. However, transfer die is more often used in todayôs vehicle component manufacturing 

because in this area the product geometry is more complex, and scrap area is more difficult 

to control. Researches on transfer die is very limited.  

Plus, the majority of current research is focused on designing stage, the application or 

manufacturing stage, however, has not drawn enough attention among researchers. 
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Researches on kinematics issue are highly scattered. Even professional CAD software does 

not provide detailed solutions.  

Lack of linkage between academic research and manufacturers is one of the reasons for 

this situation. In manufacturing stage, there are many case specific issues, many of them 

are resolved manufacturers themselves and the solution was not shared. However, in many 

cases, the methods they are using to solve problems are still based on experience, or 

simply sacrificing efficiency for safety.  

For example, in vehicle component industry, decision for SPM currently is largely depended 

on engineersô experience, or tables from OEM ï while the data in tables are from OEMôs 

engineersô experience. None of them can generate optimum SPM for specific projects 

based on a convincible analysis of the projects. While SPM is such an important parameter 

in progressive/transfer die manufacturing stage, which can directly affect the productivity 

and hence the profit, there is a need for this kind of system, which can automatically 

calculate SPM and optimize it for specific projects. 

In this thesis, the above desired system will be proposed. With motion analysis based on 

part/die geometry, the optimum system timing and parameters for specific projects can be 

obtained. These optimum settings can give maximum SPM without collision according to the 

factors considered in this thesis. The proposed system will be focused on transfer die, 

however, it can be easily expanded to progressive die.  
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3 Motions in Transfer Die  

The concept ñmotion curveò in this thesis is the distance-time (s-t) graph of transfer die 

components. The term ñdistanceò can be replaced as other equivalent terms like ñheightò or 

ñstrokeò. The term ñtimeò can also be replaced as ñdegreeò in some situations. It should be 

noted that this concept should not be confused with another concept ñmotion profileò, which 

means the actual trace that a component move along. 

3.1 Motion Curve Assumption 

As previously introduced, there are multiple acceptable cam motions for the stamping 

industry. According to SVAJ diagram, both cycloidal and polynomial motions have second 

order continuity (velocity and acceleration), and finite third order (jerk). Essentially, a 345 

polynomial curve looks very similar to the cycloidal curve [34]. Therefore, in industry, the 

press and transfer system are usually tailored to have these kinds of motion curves. 

Comparing to cycloidal curve (ί Ὤ ÓÉÎ ), polynomial curve (ί ὅ ὅὼ

ὅὼ ὅὼ ὅὼ Ễ ὅὼ) is more versatile to handle different boundary conditions. 

Plus, the mathematical analysis of polynomial curve will be easier than cycloidal curve.  

As a company who provides technical support for a wide range of progressive/transfer die 

manufacturers, Longterm Technology Services (LTS) Inc., has also adopted 345 polynomial 

curve in their commercial software for progressive/transfer die motion simulation. The 

feedbacks from LTSôs customers show that 345 polynomial curve reflects the actual motion 

curves accurately. 

Therefore, in this project, 345 polynomial curve is assumed to be the motion curve for 

transfer die components.  

It should be noted that although the above assumption is made, the algorithms proposed in 

this thesis can be applied not only with 345 polynomial curve, but also with other motion 

curves in industry. For the proposed algorithms, calculations will regard to properties of 345 

polynomial curve, however, with the same idea, it is easy to expand to other motion curves 

like 4567 polynomial curve or cycloidal curve. In further developments, it is even possible to 

analyze motion with mixed motion curves (e.g. 345 for advance, cycloidal for return). This 

topic will be further discussed in Chapter 8. 
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3.2 Properties of 345 Polynomial Curve 

It is given [34] [35] [36] that the basic equation of 345 polynomial curve is: 

 ώ ρπὼ ρυὼ φὼ Eq. (1) 

The parameters of the above equation give several useful properties for 345 

polynomial curve. These properties will be regularly used in later parts of this thesis. 

The SVAJ diagram of the above curve is shown in Figure 3.1. 

  

  

Figure 3.1: SVAJ Diagram 345 polynomial curve 
 

From SVAJ diagram and its equation, the following properties of 345 polynomial 

curve can be observed: 

ǹ1 . When x increase from 0 to 1, displacement monotonically increasing from 0 to 1.  

This property makes the original curve a unit size. For any curve derived from 345 

polynomial curve, the shape of the curve will be simply stretching the original one by 
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adding parameters to x and y. For example, a top shoe rise from 0 to 150 mm in 0 to 

180 degree, using 345 polynomial curve, the equation will be: 

 ώ

ρυπ
ρπ

ὼ

ρψπ
ρυ

ὼ

ρψπ
φ
ὼ

ρψπ
 Eq. (2) 

Moreover, given any duration (t) and height (h), the equation will be: 

 
ώ Ὤ ρπ

ὼ

ὸ
ρυ
ὼ

ὸ
φ
ὼ

ὸ
 Eq. (3) 

Because the curve is monotonically increasing, there is one to one correspondence 

between x and y, thus gives the possibility to make a lookup table for both x to y and 

y to x. This is particularly important for 345 polynomial curve and the algorithms in 

this thesis. In later parts of this thesis, solving x from y will be a regular task, but 

generally a 5-order function is unsolvable, therefore, a lookup table is created to 

conduct the solving task. 

ǹ2 . Position and value of peak velocity and acceleration can be easily calculated. 

One of the advantages of 345 polynomial curve is the smooth start and end. The 

velocity and acceleration diagram both start from zero and end with zero, gives no 

immediate force at begin and end of the motion. 

The position and value of maximum velocity and acceleration can be easily 

calculated. Equations of velocity and acceleration are: 

 ὺ ώᴂ σπὼ φπὼ σπὼ Eq. (4) 

 ὥ ώᴂᴂφπὼ ρψπὼ ρςπὼ Eq. (5) 

Moreover, given any time duration (t) and height (h), the equations will be: 
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The above equations can be easily solved, the result is: 
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 Timing Value 

Peak Velocity ὼ
ὸ

ς
 άὥὼὺ

ρυὬ

ψὸ
 

Peak Acceleration ὼ
ρ

ς

Ѝσ

φ
ὸ ȿάὥὼὥȿ

ρπЍσὬ

σὸ
 

Note: t is the total time, h is the travel distance 

Table 3.1: Peak velocity and acceleration of 345 polynomial motion 
 

It can be found that the peak velocity and acceleration occur at certain position along 

the total time, plus, the value of peak velocity and acceleration can be presented by 

total distance and total time. This gives the possibility to solve any of these elements 

from a given set of other elements. For example, from a given maximum velocity, 

and given distance, the time required will be: ὸ  

3.3 Component Classification and Motion Priorities  

It is assumed in 3.1 that the moving components in progressive/transfer die system all follow 

345 polynomial curve. These components can be divided into several categories, each 

category has its own rules of motion. 

For example, at each stage, the part must be lifted to a certain height for the grippers to pick 

it up, the component which lifts the part is the lifter. Meanwhile, stripper, which is mounted 

on the top shoe is used to keep the part at the required position during die close, it is also 

responsible for some of the stamping operations. When die is closing, both stripper and lifter 

will finally be compressed, but the lifter will be compressed prior to the stripper. This is one 

of the many motion rules in transfer die. 
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a: Sample die stage b: Sample die stage section view 

    

c1: Die open position c2: Stripper touches 

part 

c3: Lifter will be 

pushed down firstly 

c4: Die close position 

Figure 3.2: Component interaction from die open to die close 
 

Figure 3.2 shows a sample transfer die stage with typical components ï top shoe (orange), 

lower shoe (brown), stripper (pink), lifter (blue) and part (green). The process from die open 

to die close reflects the priority of motion.  
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4 Kinematic Model and Relevant Concepts 

As the previous chapter introduced, the motions of components in progressive/transfer die 

follows specific rules. In order to conduct motion analysis, it is necessary to have a reliable 

kinematic model which implements these rules.  

4.1 NX Progressive Die Wizard Tooling Validation 

NX (UG) is the core of Siemens PLM Software. It has the application Progressive Die 

Wizard (PDW). With the Tooling Validation application, the basic motion simulation and 

analysis for progressive die can be conducted. As literature review in Chapter 2 has 

introduced, the developments can be focused on the following topics: 

1. Transfer die kinematic model. Because most of car component stamping die industry are 

using transfer die. 

2. Increase category of components for more advanced die systems.  

3. Increase number of components for more complex die systems. 

4.2 DYNMIK Design for Die 

For the topics addressed in 4.1, DYNMIK DesignTM has been developed by Longterm 

Technology Services (LTS) Inc.  

4.2.1 DYNMIK Kinematic Model 

DYNMIK integrates both the kinematic model and control data calculation. With 

part/assembly file of progressive/transfer die, the kinematic model can be applied 

and control data can be generated from DYNMIK algorithms according to 345 

polynomial motion curve and component motion rules introduced in Chapter 3. Then, 

the motion simulation can be conducted.  

 

Figure 4.1: DYNMIK Workflow 
 

Figure 4.1 shows the flow chart of DYNMIK. 
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4.2.2 Basic SPM Calculation Module 

There is a basic SPM analysis module in DYNMIK. Users are required to input the 

system parameters into the software, as well as motion capacities. The software 

then will calculate the maximum velocity, acceleration for top shoe and each gripper. 

For SPM analysis, it will add SPM from 1, and see at what SPM value the maximum 

velocity or acceleration excess the limit. 

The above method is undeveloped, it does not require any information from NX, 

which means it does not refer to die geometry. This can also be observed from 

Figure 4.1 ï all the geometry information is stored in NX, but there is no flow coming 

from NX and end at DYNMIK. 

The above contents indicates that the current DYNMIK software cannot provide 

motion analysis for specific progressive/transfer die systems because of its inability 

to access the geometry information. As a result of this fact, the SPM analysis module 

is fairly immature. 

In later parts of this thesis, a method ñObstacle Mappingò will be proposed to extract 

geometry information of die assembly. Then the ñTransfer System Optimization 

According to Obstacle Mapò algorithm will be proposed to replace the previous SPM 

analysis method. However, before entering these two topics, some relevant 

concepts need to be clarified. Some of these concepts are used in 

progressive/transfer die industry daily, some are created for this research and will be 

used regularly in this thesis. So it is necessary to introduce these terms firstly.  

4.3 Relevant Concepts 

4.3.1 Progressive/transfer Die System Parameters 

Some concepts, like press stroke, lifter travel, are commonly used in 

progressive/transfer die industry. Plus, usually the die designer will align the feeding 

direction x-axis and lift up direction as z-axis. 

There are some other parameters which are commonly concerned by manufacturers:  

Motion capacity: This is the maximum motion that one component can achieve 

during the whole cycle. It contains the limit of velocity and acceleration, sometimes 
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jerk is also considered. This term usually applies to self-driven components in die 

assembly, namely the top shoe and gripper. 

Cycle time: Time for one stroke, which means the time needed for top shoe to start 

from die open position (press stroke), lower down to die close position, and return to 

die open position.  

SPM: Strokes Per Minute, equals to 60s/Cycle time. 

Gripper timings: In industry, one cycle is divided into 360 degrees. Die open is 0 or 

360, die close is 180. All the event timings are presented as start/end angles. For 

transfer die, the transfer system has x, y and z-axis motion, each axis has an 

advance and a return motion, and each motion has a start and end angle, thus there 

are 3x2x2=12 critical timings. 

4.3.2 Clearances 

The following concepts will be regularly used in later parts of this thesis. 

- Clearance: The concept ñclearanceò itself need to be clarified. As 

progressive/transfer die has multiple stages, each stage has their own 

lifter/stripper, and each lifter/stripper has their own travel distance (zero if the 

stage has no such component). So, when die is open, the clearance between 

lifter and stripper are different from stage to stage. 

The term ñclearanceò in this thesis is the minimum clearance among these 

stages. In practice, it is the stage with the largest sum of ñlifter travelò and 

ñstripper travelò. In later analysis, ñstripperò and ñlifterò will also be the component 

of this stage. 

By doing so, when clearance is not zero, it means at all the stages, strippers are 

detached from parts, all strippers and lifters are fully extended.  

- Minimum clearance for feeding (MCF): This is the minimum clearance 

between stripper and part, which allows the part to be safely fed.  

For example, assume a transfer die system at 320 degree, top shoe is at 250 

mm height and is still moving up (say press stroke is 300 mm so at 360 degree it 

will reach 300 mm). Stripper travel is 50 mm so stripper is at 200 height at this 

angle. And part is already picked up by the gripper, which is at 120 mm height.  
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Although there is an 80 mm clearance between top shoe and part, assume there 

is a 40 mm pin on top shoe, and a 50 mm bending feature on the part, as Figure 

4.2 shows, it may still result in collision when feeding. 80 mm clearance is not 

safe, 90 mm probably works for this example, so MCF should be 90 mm. 

 

Figure 4.2: Minimum Clearance for Feeding (MCF) 
 

- Minimum clearance for clamping (MCC) and Danger Zone: Similar to MCF, 

when gripper is moving along y-axis to clamp the part, it also needs to consider 

collision issues since gripper also has thickness and geometry. 

Use the same example for MCF, assume the system at 290 degree, top shoe is 

at 180 mm and is still moving up, with 50 mm lift height and 30 mm part 

thickness, it has a 50 mm clearance between part and stripper. However, as 

Figure 4.3 shows, since gripper has thickness, it will still result in collision if 

gripper clamp the part at this moment. So 50 mm is not safe, 60 mm MCC 

probably will be just enough for this example. 
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Figure 4.3: Minimum Clearance for Clamping (MCC) and Danger Zone 
 

 

It should be noted that although it is unacceptable for the gripper to pick the part 

at this moment, it does not mean the gripper cannot move. While gripper is 

moving along y-axis, it may collide with other components, but the degree of 

danger varies. The closer gripper move towards the part, the more danger it 

faces. Therefore, MCC only valid when gripper is in the danger zone, and the 

length of danger zone is also an important parameter. 

4.3.3 Motion Profile, Overlap and Overlap Percentage 

With moving distance and start/end timings, the motion of a transfer system can be 

fully defined. Hence the motion profiles of components are able to be created. In 

these motion profiles, the motion profiles of gripper/part are most important ones. 

  

a: Lift-feed-lower (x-z plane) b: Open-back-close (x-y plane) 

Figure 4.4: Transfer die gripper motion profile 
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Figure 4.4 shows a typical gripper motion profile of a transfer die system. During die 

open period, gripper will close in to clamp the part, and lift it up from lower die or 

lifter, then feed the part to the next stage and lower down, and finally open to 

escape from the danger zone. During die close, gripper will back to the previous 

stage for the next pick up event. So the cycle of a gripper will be é-close-lift-feed-

lower-open-back-close-é 

In later part of this thesis, ñlift-feed-lower processò can be called LFL, and ñopen-

back-close processò can be called OBC. In practice, there is also another set of 

terms ï advance move and return move ï for all the three axis motions (see Table 

4.1).  

 Advance Move Return Move 

x Feed Back 

y Open Close 

z Lift Lower 

Table 4.1: Term ñAdvance Moveò and ñReturn Moveò 
 

 In 4.3.1, it was introduced that there are 12 gripper timings, in Figure 4.4, these 

timings are also shown. It can be found that these timings do not have to follow the 

sequence of events strictly, for example, feed event can start before lift event ends, 

lower event can start before feed event ends. This is called Overlap, which means 

the duration of two consecutive events partially overlap each other. In later parts of 

this thesis, the portion of a y or z-axis event being overlapped by an x-axis event will 

be called ñOverlap Percentageò. For example, if lift event is from 0~2s, feed event is 

from 1~4s, lower event is from 3.5~5.5s, then the lift-feed overlap percentage is: 

ὸ ͺ ὸ ͺ

ὸ ͺ ὸ ͺ
ρππϷ

ς ρ

ς π
ρππϷυπϷ 

Feed-lower overlap percentage is: 

ὸ ͺ ὸ ͺ

ὸ ͺ ὸ ͺ
ρππϷ

τ σȢυ

υȢυ σȢυ
ρππϷςυϷ 

It is conceivable that overlap is the reason that the motion profile appears to be a 

curve, not straight lines with sharp corner. The curved connection between mutually 

perpendicular linear motions also results in smoother direction change and hence 
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better kinematic performance. Plus, the more motion overlapped, the more total 

transfer time can be saved. 

Although from above contents it appears that the more overlap the better, there 

should be limits for the increment of overlap percentage. From Figure 4.4 (a), it can 

be found that more overlap in lift motion means not only a smoother change in 

moving direction, but also earlier feed start timing.  

However, whether it is safe to start feeding as early as Figure 4.4 (a) shows, is a 

question. Consider a pilot pin at the beginning, if the gripper starts feeding before it 

lifts the part high enough (i.e. free from pilot pin), the pilot pin will obstruct the 

feeding motion. Such obstruction will cause sudden stuck to transfer system, large 

stress to pilot pin and part, or simply say, damage to the die system.  

In order to avoid the obstruction, the existence of the pilot pin must be recognized 

before creating the motion profile. More generally say, not only the pilot pin, but also 

all the die geometry that may cause collision during transfer must be recognized. In 

the next chapter, this will be achieved by the process called ñObstacle Mappingò, and 

the outcome ñObstacle Mapò will be the basis of further analysis in this thesis. 

4.3.4 Motion Curve Chart and Clearance Curve Chart 

With the concepts of motion curve and clearances, the motion curve chart and 

clearance curve chart for the 360 degrees press cycle can be generated. 

In industry, the motion curves are usually set to start from die open position, so at 0 

degree, the top shoe is at the highest position, and at 180 degree, it is at 0 height 

which is die close position. This is convenient for analysis of forming process during 

die close. However, in this thesis, the topic is more about the transfer process during 

die open, so in this thesis the motion curve charts will set die close as 0 degree, and 

die open as 180 degree, namely, 180 degree shifted from commonly used charts.  

For example, as Figure 4.5 (a) shows, the blue curve is the motion curve of top shoe, 

it rises from die close (0 & 360 degree) to die open (180 degree), and fall down to 

die close. Its motion is following 345 polynomial curve. 

Green curve is for the stripper, the value is the height of top shoe minus stripper 

travel, but the value will not be negative because stripper will be stopped by lower 

die. Lifter (gray bold curve) has lower priority than stripper so it will be driven by the 
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stripper, but its height will not excess its lifter travel. Red curve is the z-axis motion of 

gripper, it will pick the part and lift it after stripper and lifter separates, it dwells for 

some time at its lift stroke height because during this period it will feed the part along 

x-axis. 

 

a: motion curve chart 

 

b: clearance curve chart 

Figure 4.5: Motion Curve Chart and Clearance Curve Chart  
 

The clearance between gripper (and part, during transfer) and stripper is the key 

factor. However, this clearance only valid when the die is open. From Figure 4.5 (a), 

it can be found that between around 90 and 270 degree, the stripper and lifter 

separates, clearance between stripper and lifter is positive, hence the clearance 

between stripper and gripper is valid. Plot the clearance (green minus red) and it 


















































































































































