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ABSTRACT 
The functional analysis of technical systems is an important part of the design process. To further 
improve the design process, especially the functional analysis, it must not be viewed as a 
monodisciplinary process. To this end, cognitive factors such as the aha-experience must also be 
included in studies of analysis processes to a greater extent. This paper investigates the relationship 
between the occurrence of aha-experiences and the correctness of solutions in the analysis of a 
technical system. An aha-experience is a strong feeling of subjective certainty that accompanies the 
cognitive process of suddenly finding a previously unknown solution. For this purpose, a study on the 
functional analysis was evaluated. The results show that many identified subfunctions of the system 
under investigation were identified with an aha-experience and that these subfunctions are more often 
correct. The results also suggest that aha-experiences occur more often among students than among 
experienced design engineers. Especially among students, a positive relation of aha-experiences on the 
correctness of the identified subfunction can be seen. This offers potential for further investigations to 
make aha-experiences useful in design methods. 
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1 INTRODUCTION 

The functional analysis of technical systems is a central part of the design process. Both in the 

development of new technical products and in problem-solving, profound knowledge of initially 

unknown relationships between embodiment, behavior and function is necessary. This knowledge is 

gained during phases of functional analysis. Wrong or insufficient functional analysis often leads to 

costly iterations in the development process (Meboldt et al., 2013). Previous concepts to improve 

functional analysis often focus on identifying successful approaches (Matthiesen and Nelius, 2018a). 

However, the functional analysis can also be understood as a cognitive process. When analyzing 

technical systems, designers take up information, interpret it and store it in mental models. Still, there 

is no comprehensive understanding of cognitive processes in design (Cross).  

Thus, to further improve the design process, especially the functional analysis of technical systems, it 

must not be viewed as an isolated and monodisciplinary process (Gericke and Blessing, 2012). 

Therefore, the cognitive factors of cognitive processes must also be examined more closely. To this 

end, design research is increasingly incorporating factors from the field of psychology into studies of 

design processes (Chrysikou and Gero, 2020). One such cognitive processes that influences the gain in 

knowledge is the aha-experience. The aha-experience, also known as the eureka effect, is a euphoric 

experience in which a sudden insight is gained into an initially unclear context (Bühler, 1907). The 

impact of the aha-experience is that a realization accompanied by an aha-experience is more likely to 

be correct (Danek and Salvi, 2018). The aim of this paper, therefore, is to investigate the effect of aha-

experiences on the correctness of solutions gained during the functional analysis. 

1.1 Functional analysis in engineering design 

During the design process, a technical system is conceived and all information required for its 

realization is defined (Bock, 1955). The unique aspect of designing is the anticipation of structures 

that are supposed to realize a function. The designer changes between qualitatively different solution 

spaces (Hacker, 2002). The function to be fulfilled is transformed into an embodiment by a synthesis. 

In a further analysis step, it is verified whether the chosen embodiment fulfils the intended function. 

The synthesis is based on the designer’s idea of how the function can be fulfilled. The knowledge of 

these interrelationships is especially important in problem-solving but is often only partially known. 

Without this knowledge, the embodiment is therefore created in iterative sequences of analysis and 

synthesis (Matthiesen, 2011). 

There are different types of analysis. A frequently used type is functional analysis, which describes the 

identification of the functionality of a technical system. It is used in the further development of 

existing products, the analysis of competitive products and the training of new employees (Booth et 

al., 2015). Functional analysis has already been frequently examined with traditional investigation 

methods such as protocol and document analysis (Booth et al., 2015; Eckert et al., 2012; Matthiesen 

and Nelius, 2018a) as well as with eye tracking (Hess et al., 2018; Matthiesen and Nelius, 2018a; 

Ruckpaul et al., 2015). In these studies, the participants are confronted with technical systems whose 

exact structure and detailed functionality is unknown to them. The goal of the functional analysis is to 

gain an understanding of how the system works. 

Engineering designers gain their knowledge of unknown relationships between embodiment and 

function during analysis phases. The analysis is therefore of great importance for the design and the 

entire product development. The importance of analysis can best be described by the effects of an 

insufficient analysis. An insufficient analysis leads to wrong assumptions. If estimates and 

assumptions made are falsified at a later stage, this results in iterations (Meboldt et al., 2013; Wynn 

and Eckert, 2017). While small iterations represent important learning cycles, larger, so-called cross-

gate iterations can have a significant impact on project resources (Meboldt et al., 2013). Studies of 

development projects have shown that most bad decisions can be traced back to insufficient analysis 

(Badke-Schaub and Frankenberger, 1999). However, this implies that a thorough analysis is essential 

for a satisfying design result (Nelius et al., 2020). 

1.2 The aha-experience 

When analyzing technical systems, designers take up information, interpret it and store it in mental 

models. The functional analysis can therefore be understood as a cognitive process. In psychology, a 

sudden realization is called insight, which is often accompanied by an aha-experience. The aha-
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experience is described by Bühler (1907) as a euphoric experience in which a sudden insight is gained 

into an initially unclear context. Furthermore, insights that are accompanied by an aha-experience 

occur with a strong feeling of subjective certainty for the solution found (Danek et al., 2014). A well-

known example of an “aha-experience”, also known as the eureka-effect, is Archimedes’ discovery of 

the Archimedean principle with the exclamation “eureka”, which gave this effect its name. 

In psychology, the effect of the aha-experience has been studied in more detail and it has been found 

that until an aha-experience occurs, different phases occur: 

A prerequisite for the occurrence of an aha-experience is that gathered information does not fit the 

current mental model of a problem. This leads to a cognitive conflict, which results in a mental 

impasse for the problem solver (Danek et al., 2013). In this mental impasse, the conflict between the 

received information and the mental model cannot be overcome. During the mental impasse, the 

problem-solving process comes to a nearly complete halt or the same activity is repeated several times 

(Jones, 2003). In order to overcome this impasse, the mental model must be restructured. The sudden 

overcoming of the mental impasse by the process of restructuring is called insight. Such an insight is 

often accompanied by an exclamation like “Aha” of the problem solver. (Bilalić et al., 2019) 

An important feature of insights that are accompanied by an aha-experience is that they are accompanied 

by an increased sense of subjective certainty about the solution achieved (Danek et al., 2014). 

In addition to the increased subjective certainty, there is also evidence from several studies that 

solutions accompanied by an aha-experience are more precise from an objective point of view (Danek 

et al., 2014; Salvi et al., 2016). Danek and Salvi (2018) call this effect the “accuracy effect”. 

On the other hand, there are also situations in which an insight accompanied by an aha-experience 

leads to a wrong solution (Danek and Wiley, 2016; Laukkonen et al., 2020). False insights are usually 

accompanied by a high feeling of subjective security due to the aha-experience. This increases the 

certainty in a false solution and can lead to false solutions being retained and not questioned. 

Laukkonen et al. (2020) refer to this phenomenon as the dark side of eureka. Decisive for the 

correctness of a found solution that was accompanied by aha-experiences is the knowledge that was 

restructured during the restructuring process. If this underlying knowledge is deficient, the solution 

found is probably also wrong. (Laukkonen et al., 2020) 

1.3 The aha-experience in design 

One limitation that prevents direct transferability to design is the structure of the investigations from 

which the findings were derived. The presented investigations on aha-experiences from the field of 

psychology use so-called insight problems as a task. These are short tasks such as anagrams 

(Laukkonen et al., 2020) or arithmetical problems (Bilalić et al., 2019) for example, where it is 

assumed that the solution can only be achieved having an insight. Another difference to problems from 

the field of design is the possibility to directly check the correctness of solutions for insight problems. 

The solution of the “Nine-Point-Problem” (see Figure 1), where the points shown must be connected 

by 4 uninterrupted lines, can be checked by the participant very easily. The difficulty with this task is 

that participants tend to make additional restrictions. For example, the participants assume that the 

square (right) must not be exceeded. The findings of an analysis problem in the field of design, in turn, 

often cannot be verified directly by the participant. 

 

Figure 1. Example of an insight task and its solution (right) (according to Akin and Akin 
(1996)) 

The acquisition of aha-experiences is possible by different examination methods. Besides the possibility 

to let participants self-report on aha-experiences, there is the possibility of identifying aha-experiences 
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by independent evaluators using concurrent think aloud protocols (Ericsson and Simon, 1993). With the 

concurrent think aloud method, the researchers can understand what the participant is thinking about, 

what he or she is doing, or whether questions arise. This method is established to investigate aha-

experiences (Fleck and Weisberg, 2004; Ash et al., 2012; Cranford and Moss, 2012).  

Akin and Akin (1996) have already demonstrated the principle transferability of insight problems that 

trigger aha-experiences in the field of architectural design. This has been achieved by transferring a 

classical insight problem from psychology into a task for concept generation. Thereby a well-known 

insight problem was investigated for the triggers of aha-experiences. These triggers were called 

Frames of Reference. One trigger identified in the nine-point problem (Figure 1) is the notion that the 

lines to be drawn must be inside the box. This idea, and thus the trigger, was successfully transferred 

to a task for concept generation of a building facade. (Akin and Akin, 1996) 

Overall, it seems that aha-experiences could also be an important factor in problem solving in product 

development. However, It has not yet been investigated to what extend aha-experiences occur in the 

design process and how they relate to the correctness of the solution achieved. Findings from 

psychological research mostly derive from studies with insight problems and can only be transferred to 

design research to a limited extent for two reasons. First, insight problems are structured in such a way 

that the final solution can be achieved in only one step and not in several partial steps as is the case in 

design problems. Second, in insight problems it is not examined whether finding the solution is really 

accompanied by an aha-experience, but it is presupposed. Besides that, there is also a risk of a wrong 

solution, since the classical insight problems do not reflect the reality of the design process enough to 

transfer the results properly. 

1.4 Objectives 

In psychology, the mental impasse is used as an indicator for an aha-experience. To investigate aha-

experiences in design problems as well, it is necessary to identify a suitable indicator that allows the 

detection of aha-experiences. The focus will be on functional analysis as an essential part of the 

engineering design process. One way to identify aha-experiences could be the mental impasse which is 

used in the field of psychology.  

The aim of this paper, therefore, is to investigate the effect of aha-experiences on solutions gained 

during the functional analysis. Further, it shall be investigated whether aha-experiences are preceded 

by a mental impasse. For this purpose the following research questions will be addressed: 

RQ1: How do situations accompanied by aha-experiences relate to the correctness of solutions in 

functional analysis? 

RQ2: Are there differences regarding the duration to identify a subfunction between situations 

with and without an aha-experience that indicate a mental impasse? 

As differences between novices and experts were found in previous studies (Ruckpaul et al., 2015), 

both students and experienced design engineers will be considered here as well. 

2 MATERIALS AND METHODS 

2.1 Participants 

A total of 33 participants took part in the study. These consisted of 18 mechanical engineering 

students and 15 design engineers with industrial experience. 

A requirement for students to participate was that they had completed at least the fourth semester of 

their studies and had also successfully passed the mechanical design course so that all participants had 

sufficient basic knowledge to complete the task. The 18 students consisted of 15 male and three 

female participants. The average age of the students was 23.6 years (SD = 2.00) and the average 

duration of their studies was 8 semesters (SD = 2.46). 

The design engineers came from companies in various industries, for example, the automotive 

industry, special engineering, engineering services, and drive system technology. The mean work 

experience of the design engineers was 11.8 years (SD = 7.77) and the mean age was 36 years 

(SD = 6.69). All participating design engineers were male. 
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2.2 Task 

The functional analysis of a lawn sprinkler was selected as a task. The advantage of this task was that 

it has already proven to be suitable for the analysis of functions in earlier investigations (Matthiesen et 

al., 2017; Matthiesen and Nelius, 2018a, 2018b). The aim of the task was to analyse the central gear 

unit of the lawn sprinkler and to determine how the swivel mechanism works. The swivel mechanism 

included 10 subfunctions (SF), the most important of which will be briefly presented in the following: 

The swivel mechanism is driven by a turbine wheel, which generates a rotational movement at high 

speed using the hydraulic flow (SF1: generate rotation). This rotary motion is then reduced to slow 

speed by a gearbox (SF2: reduce rotation speed) and braced against the housing (SF3: brace rotation). 

This causes the entire gear unit to rotate. The swivel range is set by two adjustment rings on the 

housing of the lawn sprinkler (SF4: limiting swivel range). If the gear unit hits the adjustment rings, a 

switch is flipped which changes the water flow to the turbine and thus reverses the direction of 

rotation (SF5: reverse rotation direction). 

To complete the task, the participants had 10 minutes of time. In advance, they were given the task 

description and a short introductory video showing a lawn sprinkler in action. The participants were 

given two different models of the lawn sprinkler to complete the task. One completely assembled and 

one additional dismantled gear unit. In addition, the participants had pen and paper for taking notes. 

To evaluate the result of the analysis, the think aloud statements of the participants were used. For this 

purpose, the statements about the individual subfunctions were identified and compared with the 

actual functioning by the coders. 

2.3 Data collection 

To capture the approach of the participants, they were instructed to use the concurrent think aloud method while 

working on the task. This method, in which all thoughts should be spoken out aloud, has already been 

successfully used in earlier studies of aha-experiences (Fleck and Weisberg, 2004). To introduce the participants 

to the use of the method, they were given a short training video before the actual task started and then a short 

exercise on how to use it. To ensure that all the participants’ statements would be recorded during the processing 

of the actual task, they were filmed during this phase. 

2.4 Data analysis 

In the first step, the videos with the think aloud statements were transcribed and assigned a timestamp for further 

analysis. The transcripts were then used to record all statements that could be assigned to one of the relevant 

subfunctions and thus contributed to the overall understanding of the main function of the lawn sprinkler. 

Afterward, the identified statements on the subfunctions were classified into the categories correct solution and 

incorrect solution on the basis of criteria defined in advance of the evaluation. 

In a second loop, all statements were examined again. This time the classification was made as to 

whether the finding of the subfunction was accompanied by an aha-experience or not. As an indication 

of this, verbal signs of an aha-experience (e.g. aha, ah yes, Ahh!) and the euphoria with which the 

subfunction was found were used.  

In addition, the duration that has elapsed since the previous subfunction was named was determined 

for each named subfunction using the assigned timestamp. 

To answer research question 2, the Mann-Whitney U test is used to find statistical differences in the 

data. Statistical analysis was performed using IBM’s SPSS Statistics 26 and a significance level p of 

0.05 was applied. 

To increase the quality of the coding, the evaluation was performed by two independent coders and the 

match was determined using interrater reliability. Cohen’s Kappa is used as a measure of interrater-

reliability (Cohen, 1960). Cohen’s Kappa is more robust than a simple match percentage because the 

probability of a random match is included in the calculation. (McHugh, 2012) 

Cohen’s Kappa was calculated using the following formula: 

0    
   

1   

c

c

P P

P






  (1) 

0P  is the observed agreement and cP  is the expected chance agreement between the two coders. 
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3 RESULTS 

Altogether, 239 statements on the relevant subfunctions were mentioned by the 33 participants during 

the evaluation of the think aloud protocols. The classification reveals that altogether 28 aha-

experiments could be identified by both coders. Additionally, there were 15 more aha-experiences, 

which were identified by only one of the two coders. These were not included in the further 

evaluation. The interrater reliability is Κ = 0.75. According to Landis and Koch (1977) this 

corresponds to a substantial level of agreement. 

3.1 Correctness of solutions 

In 28 out of 239 cases in total an aha-experience could be identified with the subfunction. This means 

that 12 % of the subfunctions are identified when accompanied by an aha-experience. Overall, it can 

be said that only 1 out of a total of 28 mentioned subfunctions which were accompanied by an aha-

experience was incorrectly. This leads to an error rate of only 4 % for situations accompanied by an 

aha-experience. With 37 wrongly identified subfunctions, the error rate of 18 % is considerably higher 

for the remaining 211 subfunctions. 

Figure 2 presents an overview of the mentioned subfunctions clustered according to the occurrence of 

aha-experiences and the correctness, split into students and design engineers.  

What particularly stands out in the figure is that the rate of aha-experiences is twice as high among 

students (15 %) as among the more experienced design engineers (8 %). The number of correctly 

identified subfunctions with “aha” is also higher among students. There was only one wrongly 

identified subfunction among the design engineers and among the students even none at all. 

When comparing the rate of correct identified subfunctions with and without aha within the group of 

students (left), it can be clearly seen that subfunctions identified with aha are considerably more often 

correct than subfunctions identified without aha. While the latter is wrong in 21 % of all cases, the 

error rate for subfunctions with aha is 0 %. 

Among the design engineers (right), on the other hand, there seems to be no proportional difference 

between the categories with aha and without aha in terms of the rate of correctness. This is mainly due 

to the fact that the subfunctions identified without an aha-experience are correct to a considerably 

higher degree than is the case among the students. 

 

Figure 2. Relation between aha-experience and correctness of the solution for students 
[n = 18] and design engineers [n = 15].  

 

3.2 Mental impasse 

Considering the subfunctions where aha-experiences were observed, it is noticeable that the majority 

is concentrated on only three functions. Thus, out of 27 aha-experiences, 8 occurred in subfunction 4 

“limiting swivel range”, followed by subfunction 1 “generate rotation” with 7 situations and 

subfunction 3 “ brace rotation” with 4 situations. This means that 70 % of the aha-experiences 

occurred among only 3 subfunctions. Table 1 contains representative statement on aha-experiences for 

the three subfunctions mentioned above. 
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Table 1: Selected statements in which aha-experiences were detected 

Subfunction 

(participant) 

Statement of the participant 

limiting swivel range (SF 4) 

(design engineer 7) 

Oh exactly, these [“adjustment rings”] were mounted the wrong way.  

Now the pin hits the respective stop in both directions of rotation. 

Now it becomes clearer. 

generate rotation (SF 1) 

(student 18) 

When it’s open, I guess, water comes through here [front pipe] that.... 

Aaahhh. Okay, okay. The water then goes here in front [front pipe], 

comes out here and behind the whole gear is here again a gear wheel 

with bigger blades [turbine] and, yes, if just, if a pipe is open, then 

water flows through here and then drives this wheel [turbine] at the 

end in one direction. 

brace rotation (SF 3) 

(student 13) 

Oh, this whole component [gearbox] rotates as well, doesn’t it? Ahh 

ok. So, this whole part [gearbox]here is probably turning like this 

[turns gearbox housing in frame]. ahh and then it turns on. Ok. 

So the task is done when I have understood how it works?  Ok yes, 

then I am done. 

 

Furthermore, concerning research question 2, it was evaluated how much time the participants needed 

to identify the next subfunction, measured from the time when the previous subfunction was 

formulated. Figure 3 shows how much time it took the participants to identify a subfunction on 

average. Again, the cases with and without aha-experience were distinguished and students and design 

engineers were considered separately. 

 

Figure 3. Mean time in seconds between two mentioned subfunctions for students [n = 18] 
and design engineers [n = 15] 

While there is no statistically significant difference between the two categories with and without aha-

experience among the students, this can be shown very clearly among the designers. The duration 

preceding a detected subfunction is significantly higher when it is accompanied by an aha-experience. 

(two-tailed Mann-Whitney U test, U = 270.5, p = 0.47) 

Taking a closer look at the graphs in Figure 4, it is interesting to note that in both groups the peak of subfunctions 

that are identified without aha-experience takes less time than a function that is identified with aha-experience. 

However, this difference is much less visible among students than among design engineers.  
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Figure 4. Time between two mentioned subfunctions for students [n = 18] and design 
engineers [n = 15] 

4 DISCUSSION 

As described in the state of research, there have not yet been any findings as to whether and to what 

extent aha-experiences have an impact on correct identified subfunctions in functional analysis in 

design. The results of this research indicate that aha-experiences do occur in functional analysis. In 

addition, a positive relation to the correctness of a solution was found within the group of students 

when the identification of the subfunction was accompanied by an aha-experience (see Figure 2). This 

result also corresponds with previous findings from the current state of research, according to which 

solutions involving an aha-experience are more often correct (Danek and Salvi, 2018). Research 

question 1 can therefore be answered by showing that aha-experiences have a positive effect on the 

correctness of solutions in functional analysis. 

Furthermore, there seem to be some subfunctions that particularly often trigger aha-experiences. Especially the 

adjustment of the swivel range by the adjustment rings tends to trigger an aha-experience among the participants. 

However, the reasons for this phenomenon could not be determined from the data. A potential explanatory 

approach is that this subfunction marks an interface between the gear unit and the housing of the lawn sprinkler. At 

this location, the separate consideration of the two subsystems could particularly often lead to a mental impasse, 

which is then overcome by an insight that is accompanied by an aha-experience. This is most likely caused by the 

combination of the two subsystems which initiates a restructuring process as it is described by Bilalić et al. (2019). 

Another interesting finding of this investigation is that the design engineers had considerably fewer 

aha-experiences than the students who did not have such a large amount of experience. A possible 

explanation for this might be that the task was easier for the design engineers and therefore fewer 

mental impasses were created that could be overcome by an insight and an aha-experience that 

accompanied this insight. The engineering designers seem to have had considerably less problems in 

completing the task, which can be seen in the higher number of quickly identified subfunctions 

without aha-experience. However, once a mental impasse arose, it took them significantly longer to 

overcome it. This is also supported by the fact that the design engineers required considerably more 

time for the few subfunctions that they identified with aha-experiences as can be seen in Figure 4. In 

contrast, this difference cannot be seen so clearly in the data of the students. The reason for this could 

be that the error rate among students was significantly higher than among engineering designers. 

While designers are aware of the fact that a solution found must be correct in all circumstances, 

students tend to use the first best solution found. 

Further investigation of the aha-experience in the context of the design is needed to investigate the 

triggers of the phenomenon of the aha-experience in more detail. In the future, further techniques for 

detecting aha-experiences could be used to increase the objectivity of the evaluation. For example, it 

would be possible to use questionnaires on which the participants themselves could report aha-

experiences. Another approach would be the use of physiological signals. Especially there are already 

promising approaches using eye-tracking as a measuring method (Salvi et al., 2020). 

In addition, further research should be conducted on possible triggers of aha-experiences during 

functional analysis. Since the data presented here already suggest that solutions are more often correct 

when accompanied by an aha-experience, the triggers of these aha-experiences could be used to 
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develop design methods for design engineers and engineering design students. Such methods do not 

necessarily have to be developed from the beginning. If the triggers of aha-experiences are known, 

existing methods, which have already been proven to be beneficial, can be further developed by 

adding new elements. For example, methods for the identification of embodiment function relations 

can be adapted in such a way that aha-experiences occur more frequently. 
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