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S-Field Analysis Innovation Method Exercise in a 

Computer-Integrated Manufacturing Course 
 

 

Abstract 

 

Developing an ability to innovate in an undergraduate engineering program has been 

addressed through the theory of inventive problem solving (TRIZ). In particular, an exercise 

using S-force analysis is developed for a computer-integrated manufacturing course. The 

exercise deals with an electro-mechanical pneumatic system - a desktop punch press suitable for 

use in a laboratory environment. First, a preliminary flawed design is analyzed to identify 

physical contradiction. An S-field analysis is performed so that a new design having the physical 

contradiction resolved can be proposed and implemented.  

 

Introduction 

 

The Society of Manufacturing Engineers (SME) has predicted that this year the U.S. will 

lose its world leadership standing in manufacturing. While this fact does not seem to be 

important today, the consequences are far reaching and may be catastrophic to our nation. 

Michael Wessel, a member of the US-China Economic and Security Review Commission 

claimed that “we no longer have the domestic capacity to produce enough ammunition to supply 

our troops and law enforcement
1
.” In his weekly address (October 2

nd
 2010) dealing with clean 

energy projects, President Obama stated that “Our future as a nation depends on making sure that 

the jobs and industries of the 21
st
 century take root here in America.

2
” The innovation 

productivity and quality combined with the latest technological advances must increase in order 

to stop the country's technological and manufacturing decline. Currently, most engineering 

schools are concentrated on educating solid problem solvers. However, this is not enough. The 

education of engineers, the primary leaders of our innovation based society, must also enhance 

students’ inventive and entrepreneurial skills by including topics on innovation methods, history 

of innovation, disruptive technologies, intellectual property, entrepreneurship, proposal writing, 

project planning and control, etc. 

 

By adopting a simplistic view for a moment one can reason that there is a hierarchy that can be 

established between intelligence, creativity, innovation, and entrepreneurship, where the former 

is a necessary condition for the latter. In general, intelligence and subject expertise may lead to 

creating ideas (ideation). Some of these ideas may lead to innovative problem solutions or 

inventions. Usually, creation of a working physical (sometimes improved) prototype ends the 

innovation process and starts the entrepreneurial process (commercialization). Creativity, in 

general, can be quantitatively measured as a number of novel ideas. In engineering, the quality 

(feasibility) of these ideas also needs to be taken into account. In engineering education research, 

a number of techniques are implemented to enhance ideation and develop creativity. They 

include 6-3-5 brainstorming, morphological analysis
3
, transformational design using mind-

mapping
4
, design by analogy

5
, principles of historical innovators

6
, and various combinations of 

the aforementioned techniques
7
. Developing an ability to innovate has been approached through 

improvisation
8
 and the theory of inventive problem solving (TRIZ)

9-11
.  
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In engineering education, there are a few engineering design textbooks covering TRIZ to some 

extent
12, 13

. There is a significant body of literature addressing implementations of TRIZ concepts 

in a number of engineering design courses
14-17

, albeit mostly in mechanical engineering. Lettieri 

and Yoneyama
18

 address an S-field (also referred to as Su-field) example in electrical 

engineering. The S-field analysis as an inventive problem solving method is neither well 

addressed in textbooks
12, 13

 nor popular in design courses since it is not easy to teach. The 

method is relatively broad and based on graphical presentations of physical entities (S stands for 

substance) and physical actions on those substances (fields). 

Curricular Context  

At our institution, there are two engineering programs, industrial engineering and mechatronics. 

Students from both programs are required to take a two course sequence in manufacturing: 

Engineering of Manufacturing Processes and Computer-Integrated Manufacturing (CIM). The 

CIM course is a design-oriented course introducing digital logic, sensors, programmable logic 

controllers (PLCs), automation including pneumatics and hydraulics, computer numerically 

controlled (CNC) machines, and robots with associated programming languages and packages. 

Benefits of automation with respect to product quality, efficiency, safety, and cost are 

emphasized throughout the course. Within the automation module, an S-field analysis exercise is 

developed. Two class/lab periods are dedicated to the subject of inventive problem solving. S-

field analysis is introduced with a couple of examples from Altshuller
19

. 

The Problem 

The problem consists of developing the pneumatic punch press system shown in Figure 1. The 

system is to operate in the following manner:  

1. When an operator presses two pushbuttons at the same time (pushbuttons not shown in 

Figure 1), the clamping plate pushes down clamping the part to be punched. 

2. The punch ram punches through the clamped part and then retracts back to its original 

position.  

3. When the punch ram is fully retracted, the operator releases the two pushbuttons, 

removes the punched part, inserts the next part, and repeats the process. 

A near “closed world” solution is desired, i.e. only minimal modifications to the hardware 

specification are allowed. This requirement is addressed by asking the students to minimize the 

cost of the designed system. 

Perceived Solution and Physical Contradiction Identification 

Since the students learned how to program using physical ladder logic, they are asked to 

implement their designs using this knowledge. Most of the designs are similar to the one shown 

in Figure 2. This exercise takes about 20 minutes to complete. At this time, the students identify 

the main flow in the design during a discussion with the professor. According to Figures 1 and 2, 

as the clamping plate clamps the part it also closes LS A thus energizing SOL A, extending the 

center cylinder, and punching the part through. When the center cylinder extends fully it closes 

LS B which in turn energizes SOL B. At this time the center cylinder should start retracting the 

punch. However, this anticipated retraction of the punch does not occur. Since LS A is still 

closed, SOL A is still energized, thus energizing SOL B does not result in the motion of the 

spool of the two-position four-way valve which controls the air flow to the center cylinder. In 

P
age 22.1268.3



fact, if both solenoids (SOL A and SOL B) are allowed to stay energized they could easily 

overheat due to the high coil current and melt the wire isolation.  

The technical contradiction is identified: the center cylinder extends but it does not retract. Even 

the physical contradiction is often intuitively grasped by the students. The limit switch 

controlling SOL A should be there when the part is punched but it should not be there while the 

punch is retracting. Another 20 minutes are set aside for students to try to solve the problem. 

Here, the students usually try to insert additional rungs and/or relays in the ladder logic diagram 

to control the function of the two solenoids and therefore the valve. They sometimes try to place 

an additional limit switch at the starting position of the punch. However, by introducing new 

elements they increase the cost and decrease the reliability of the designed punch press. 

 

SOL A

LS A

LS B

3 WAY
VALVE

SOL C

SOL B

AB

IN

CLAMPING PLATE

PUNCH

CENTER CYLINDER

2 POSITION
4 WAY
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Figure 1. Pneumatic circuit for the punch press design problem 

 

S-field Analysis 

The notion of physical contradiction and S-field analysis are introduced in a short 30-minute 

lecture. Two examples of physical contradictions and two examples of S-field analyses from 

Altshuller
19

 are presented. Then the punch press design is revisited. Since LS A should and 

should not be energizing SOL A, the problem is separated in time. The S-field diagram shown in 

Figure 3 presents the desired as well as the actual diagram of the problem during the time the 

center cylinder is extended.  

P
age 22.1268.4



                

LS B

SOL B

SOL A

1 CR B

2 CR B

SOL C

1 CR A

2 CR B

1 CR

P 1B

2 CR

P 2B

LS A

 

Figure 2. The first solution attempt – physical ladder logic diagram 

In the S-field diagram depicted in Figure 3, the physical entities are mapped into substances (Si) 

and fields (Fi). Table 1 presents this mapping for the punch press. Solid arrows in Figure 3 

indicate that all the effects are as required by the formulation of the problem. 

 

 

Figure 3. S-field diagram during the time the center cylinder of the punch press is extended and 

acting on the part 

Subsequently, Figure 4 depicts the S-field diagram when the center cylinder is fully extended 

and the punch has closed LS B. In the figure, wavy lines represent unsatisfactory actions (or 

interactions) and require a replacement or deletion by the designer. Note that if any of the wavy 

lines are removed the whole chain will be affected. This is the reason the solid line between S1 

and S5 is drawn, indicating that the punching process would stop if the clamping action is 

interrupted. 

 

Figure 4. S-field diagram when the center cylinder is fully extended 
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Table 1. Mapping of physical entities to substances and fields of Figure 3. 

Substance Physical Entity Field Physical Entity 

S1 clamping plate F1 pneumatic force acting on the clamping 

plate to move it down and clamp the part 

S2 LS A F2 mechanical force acting on the LS A by the 

clamping plate when the part is clamped 

S3 SOL A F3 electrical current energizing SOL A 

S4 2-position 4-way valve F4 electromagnetic force moving the spool of 

the 2-position 4-way valve to the right 

S5 center cylinder with punch F5 pneumatic force moving the center cylinder 

down 

S6 part F6 mechanical force punching through the part 

or when the cylinder is fully extended 

S7 LS B F7 electrical current energizing SOL B 

S8 SOL B F8 electromagnetic force moving the spool of 

the 2-position 4-way valve to the left 

S9 2-position 4-way valve F9 pneumatic force moving the center cylinder 

up 

S10 center cylinder with the 

punch moving up 

  

 

Figure 5 shows the S-field while the center cylinder is retracting and the punch is not in contact 

with LS B. This brings an important clue to the problem solution. Once the spool of the 2-

position 4-way valve is moved to the desired position, the power to the solenoid that performed 

the action can be removed. 

 

Figure 5. S-field diagram while the center cylinder is retracting and the punch is not in contact 

with LS B 

The Solution 

Figures 4 and 5 indicate that removing any of the undesired interactions would solve the 

problem. For example, removing the interaction between S2 (LS A) and S3 (SOL A) when the 
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central cylinder is fully extended would break the S-field chain allowing the cylinder to retract. 

However, to de-energize S8 one would require an external component such as a relay. Any 

solution dealing with the ladder logic diagram would introduce additional parts, and thus is not 

pursued further. After the above analysis the students turn their attention towards the mechanical 

portion of the punch press and to the S1-S2 interaction in particular. They re-read the design 

requirements contemplating possible mechanical changes to S1 or S2. If a satisfactory solution is 

not obtained within another 10 minutes from the conclusion of the analysis, the students are 

reminded that (1) S1 can interact with S2 even before S2 finishes its motion securing the part; (2) 

the part must be secured before it is punched, but that does not mean that the center cylinder has 

to start moving after the clamping is finished, and (3) S1 does not have to be closed for a long 

time to energize S3 and move the spool of the valve. At this point most of the students realize 

that placing S2 just right will solve the problem. S2 should be positioned in such a way so that 

the clamping plate S1 should close S2 just before it reaches its clamping position, and should 

release S1 when the clamping position is reached. This breaks the S1-S2 interaction as required by 

S-field chains in Figures 4 and 5. In addition, even the S-field diagram in Figure 3 is scrutinized 

to achieve the solution.  

A laboratory desktop-size setup based on Figure 1 and the presented solution was developed and 

further enhanced. The two relays in Figure 2 were eliminated. S2 was equipped with a thin 

flexible strip to allow switch activation when the clamping plate moves downwards only.  

While the above problem with an associated solution deals with a human-in-the-loop, the total 

process automation is also discussed whereby the human is replaced by a material-handling 

manipulator. Economical consequences of the punch press cycle time with and without a human 

in the loop as well as the waste material created as a byproduct of the punching operation are 

reiterated. 

Summary 

An example utilizing S-field analysis to solve a design problem dealing with an automated punch 

press is presented. The solution identifies a physical contradiction by separation in time coupled 

with S-field chains, and then resolves the physical contradiction by employing separation in 

space. The paper includes a pneumatic circuit for the designed automated punch press and a 

physical ladder logic diagram for easy adoption. This laboratory-proven system was used for a 

number of years in an undergraduate engineering program. 
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