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ABSTRACT

The term “design fixation’ refers to a phenomenon where designers unknowingly limit the space within which
they search for solutions. In an attempt to study this phenomenon experimentally, researchers typically set
participants open-ended design problems, prime them with an example solution and measure their
performance through a variety of subjective metrics. This approach gives rise to various problems, including
limited data capture and highly subjective evaluation of design behavior. To address these problems, we
studied design fixation with a computer-based task inspired by psychological paradigms used to study
‘mental set’ (also known as the ‘Einstellung effect’). The task consisted of a game-like activity requiring

participants to design a bridge within a specified budget. The use of a digital environment facilitated
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continuous data capture during the design activities. The constrained task (and direct quantitative
measures) permitted a more objective analysis of design performance, including the occurrence of fixation.
The results showed that participants who developed a mental set during the task failed to find alternative,
more efficient solutions in trials admitting multiple solutions, compared to the participants who did not fall
victim to this mental block. In addition, during the process of designing, the occurrence of mental set resulted
in participants adopting a less efficient design behavior and reporting a different subjective experience of
the task. The method used and the results obtained show an exciting alternative for studying design fixation
experimentally and promote a wider exploration of the variety of design activities in which fixation might
occur.

Keywords: Design creativity, Design fixation, Mental set, Einstellung effect, Computer-based task, Design

process
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1 INTRODUCTION

Designers of all disciplines — working on many different kinds of projects — are
required to be creative if they are to arrive at new and useful solutions to the problems
that they address. Design processes, whether systematic or intuitive, are often claimed
to unlock this creativity by inspiring designers to consider a broad range of possible
solutions and by discouraging premature commitment to any one of those solutions.
Despite this, designers do become ‘set’, ‘blinkered’ or ‘blinded’ when developing ideas,
limiting the way in which they interpret problems and explore possible solutions. In
particular, potentially useful sources of inspiration or information can have the negative
effect of restricting rather than freeing the designers’ imagination. This phenomenon is
defined as ‘Design Fixation’” and refers to “situations where designers limit their creative
output because of an overreliance on the features of preexisting designs, or more
generally, an overreliance on a specific body of knowledge directly associated with a
problem” [2 (p. 1)] (for narrower interpretations of design fixation see [1], for broader
interpretations see [3,4]). Fixation is reported as a problem in professional design practice
[5, 6] and has been measured and manipulated in experimental studies, many of which
use engineering design problems [7, 8, 9]. Studies of design fixation are now sufficient in
number that literature reviews have recently been published, focusing on the
experimental methods used [10] and the findings obtained [11].

Research into design fixation has generated insights into why fixation occurs and
how it might be mitigated. This is generally important for developing our understanding

of design cognition, and particularly important for understanding the relationships
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between information, inspiration and creativity. However, like other aspects of human
behavior, the knowledge we have about design fixation is dependent on the quality and
variety of the methods we use to study it [12]. From that perspective, the existing studies
of design fixation are quite homogenous in the experimental approach adopted (there is
little methodological diversity) and that approach has some specific features and
limitations. In particular, the open-ended nature of the design task that participants are
given and the wide-ranging responses that result give rise to a complicated and subjective
analysis of fixation. Alternative experimental approaches should be considered, and these
might be applicable not just to the early-stage design activities that have been studied to
date, but to other types of design activity also.

To address methodological issues with the established approach, we propose an
alternative: studying design fixation with a computer-based task inspired by psychological
paradigms used to study mental set [13, 14]. Doing this allows us to explore fixation
effects as they might occur in later stages of the design process (once the overall concept
is defined), thus complementing previous research on fixation in early-stage ideation
activities. In addition, the use of a digital platform allows better data capture (because
the design work is all digital), less variability in participants’ performance (because the
design task is partially constrained and numerically tested) and a more objective analysis
of design behavior (for the same reasons). The method used and the results obtained are
reported here to offer a viable alternative for studying design fixation experimentally. We

also hope that this will promote a wider exploration of the possible ways in which fixation
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might be studied and a greater appreciation of the variety of design activities in which

fixation might be manifest.

2 LITERATURE REVIEW
2.1 Design Fixation Experiments

In their original study, Jansson and Smith [7] ran a number of experiments where
designers, working individually, had to generate ideas in response to different problems
(i.e. design a car-mounted bicycle rack, a measuring cup for the blind and a disposable
spill-proof coffee cup). Alongside the design briefs, some of the participants were also
presented with pictures of existing solutions. Jansson and Smith identified the occurrence
of fixation when designers exposed to those pictures tended to repeat key features of the
solutions that were represented. This behavior persisted even when participants received
instructions to avoid repeating particular features of those example solutions. As these
features were intentionally problematic (e.g. they contradicted the brief) this feature
repetition was taken to be inadvertent and counterproductive. Since 1991, the basic
approach taken in Jansson and Smith’s study has been adopted by many other
researchers who set similar tasks and measure design performance with metrics that are
either relatively objective (e.g. the number of final concepts, the number of different
types of concepts and the repetition of key features from the example) or highly
subjective (e.g. novelty, feasibility, relevance) [10]. What is often observed is that
exposure to example solutions is associated with a reduction in the variety and quantity
of solutions that designers generate in response to the design task (for a review of the

results, see [11]).
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In following Jansson and Smith’s example, the vast majority of fixation studies
seek to identify and understand the occurrence of design fixation in the early stages of a
design process, especially during ‘early ideation’ or ‘idea generation’. In these studies,
researchers typically set participants ill-defined and ill-structured design problems (see
[15]), which in turn permit a multitude of possible solution types. These particular
features of the design activities that are studied have a number of consequences for
fixation research methodology. In particular, the variety of possible solution types means
that performance in these tasks must be evaluated with subjective metrics. Many studies
involve a panel of experts scoring the design ideas in terms of the novelty, feasibility and
relevance of the design outcomes that participants generate. However, variation in how
the metrics are interpreted and applied gives rise to problems when trying to compare
the design performance of participants within and between studies. Also, because the
open-ended design problems that are set often lack the clear objectives and constraints
that are typical of much design work [16], it is difficult to establish if unexplored areas of
the design space have been inadvertently overlooked by participants or whether they
have avoided them intentionally.

Beyond the methodological consequences outlined above, we might also question
whether the open-ended early-stage ideation problems typically used in design fixation
studies are the most important (or the only important) problem type addressed in design
practice. Designers also engage with well-defined problems, and with late-stage design
tasks. These more constrained design activities still demand creativity [17, 18], and might

lend themselves to a more objective study of fixation. For example, many design tasks
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only permit the exploration of a well-bounded solution space (e.g. redesign of an
electrical circuit, or design of a truss structure) where the challenge lies in creatively
designing within those boundaries, rather than freely reframing the whole problem or
context. Studying such tasks might permit better comparison between designers’ work
because the outputs that they generate would be within the same category or domain.
This would also permit more objective assessment of the outputs because the
relationship between ideas might be directly quantified and those ideas could be
subjected to consistent performance measures (e.g. using circuit simulators, or structural
analysis).

In summary, the predominant focus of design fixation research on early stages of
the design process has resulted in various methodological consequences related to the
task that is set, the data collected and the ways in which that data is analyzed. In exploring
alternative possible methods to study design fixation, the type of design activity focused
on might change also.

Design fixation research originally took psychological research on mental blocks
as useful precedents [1 (p. 4)], and we can look to those areas of research for alternative
approaches. In particular, in the first studies of design fixation (and many of those that
followed), research into two different psychological phenomena were cited as precedent:
studies of ‘functional fixedness’ [19, 20] and studies of ‘mental set’ [14, 21, 22, 23]. The
concept of design fixation perhaps inherited its name from functional fixedness, but the
effect of interest is really more like mental set. This is because design fixation is not

normally studied as a block to seeing new possible functions in existing structures
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(functional fixedness), but as a block in imagining new structures for specified functions
(especially where an existing structure is known). Considered broadly, these ‘new
structures’ might not just be products that realize a function, but also solutions to a
problem or the approach, process or method by which those solutions are determined. A
block to seeing new approaches is explained by mental set, and as such, experimental
paradigms for studying mental set provide a valuable starting point for studying design

fixation.

2.2 Mental Set Paradigms

Mental set refers to the development of a mechanized state of mind (also called
the ‘Einstellung effect’), which occurs when previous experience with a successful
problem solving approach prevents alternative approaches being considered (even when
those other approaches might be superior). The mental set phenomenon was originally
studied by Luchins [14] with his water-jar task, sometimes referred to as the ‘three jars’
studies. In Luchins’ studies, participants are presented with a series of arithmetic
problems that are posed in the form of a puzzle involving volumes of liquid in different
containers. There are three jars of different sizes and another larger container;
participants are required to measure out the right amount of water to fill the container
by adding and subtracting the volumes of the three jars through a series of ‘pouring
operations’.

In his studies, Luchins typically presented participants with ten problems. The first
five problems could all be solved by the same complex sequence of pouring operations,

even though the numbers involved varied (i.e. the volume of the three jars and of the
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container). These were termed ‘Einstellung’ problems (German for ‘mind set’) because
the common solution method used for all of them was expected to induce a mental set
for solving similar problems. The next two problems, termed ‘critical’, could be solved
using the same method but a simpler (and easier) solution was also possible. Despite the
simplicity of the alternative solution, the vast majority of participants persisted with the
sequence they had used in the introductory problems. Then, Luchins posed an ‘extinction’
problem, which could not be solved using the original method but could be solved with
the simpler method. Many participants said it was insoluble. A comparison group who
were given only the extinction problem solved it quickly, showing that the problem was
not intrinsically difficult, but was just made difficult by participants in the experimental
group becoming ‘mentally set’ in their ways. Thus, rather than improving their
performance, the experimental group’s additional experience of the general class of
problem (arithmetic, pouring) blinded them to a simple solution which was found by
almost everyone who had not had that additional experience [14, 21, 22, 23]. However,
when Luchins presented the experimental group with two additional ‘critical’ problems
(after the ‘extinction’ problem), he observed a slight increase in the participants’
tendency to use the alternative, simpler method. Thus, the ‘extinction’ problem helped
participants to recover from the Einstellung effect.

Luchins’ striking demonstration that experience can induce inflexibility of thought
has been successfully repeated using a variety of tasks, including those involving
mathematical problems [24], verbal reasoning [25] and more visual tasks [26]. In addition,

mental set has been shown both to affect people facing problems that are new to them
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[27, 28, 29] and also experts tackling problems that are within their field of expertise [13,
30, 31, 32]. In particular, Bilali¢ et al. [13] conducted a series of studies documenting the
existence of mental set in chess players. In these studies, researchers asked chess players
to solve chess problems by finding the quickest way to achieve checkmate. Chess players
were presented with a 2-solution problem, that could be solved using a more familiar five-
move solution or a less familiar three-move solution, and were also presented with a 1-
solution problem (‘extinction’ problem), that could be solved only using the less familiar
three-move solution. Even expert chess players failed to find the optimal solution to the
2-solution problem when the familiar five-move solution was possible (but they were able
to identify it when the five-move solution was not possible). This behavior was explained
with reference to the phenomenon of mental set, or as Bilali¢ et al. said, because “good
thoughts block better ones”.

Luchins’ water-jar task, Bilali¢ et al.’s chess problem and other experimental
paradigms that have been developed to study mental set have a number of features that
distinguish them from the methods typically used to study design fixation. In mental set
paradigms, the solution space is restricted and some solutions are objectively preferable
to others, either because they are correct [14], quicker or more efficient [13]. Adopting a
mental set approach to design fixation offers the possibility to study design fixation in the
exploration of a bounded solution space, where the objectives and constraints are well
defined and where the relative merits of different solutions can be quantified directly.
Mental set paradigms also offer the opportunity for the fixating solution to be one which

the participants arrive at spontaneously (e.g. their first solution), rather than one which
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is directly provided by researchers (e.g. an example solution). Finally, mental set
paradigms offer the opportunity to observe how fixation effects occur during the design
process, rather than just inferring those effects from the design solutions that are

generated (e.g. see Bilali¢ et al. [13] for a time-based analysis of chess players’ behavior).

3 THE PRESENT STUDY

With the objective of developing a mental set paradigm for studying design
fixation, we developed a computer-based design task that would address some of the
limitations identified in section 2.1 and yield some of the advantages described in section
2.2. We adapted a computer game platform to provide a digital environment in which
bridge structures could be designed (with a budget constraint) and tested (with a
specified load). This permitted a bounded exploration of the design space, the
opportunity to test designs in situ and an objective measure of design performance.

By having participants complete a number of trials, we were able to structure our
experiment according to the ‘three jars’ task used by Luchins [14]. In particular, we
observed the performance of an experimental group, whose previous experience with a
single-approach to the design task was expected to block their recognition of alternative
approaches. The performance of this group was compared to that of a control group,
whose experience with different approaches was not expected to prevent the occurrence

of mental set.
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4 METHOD
4.1 Participants

Forty participants (11 women) with an engineering qualification were recruited
into the study by responding to posted advertisements; they were all drawn from the
Department of Engineering of the University of Cambridge. Their average age was 25.19
(8D =3.66) and they had an average of 5.97 (SD = 2.60) years of university education. The
data from four outlier participants was later removed from the analysis because their
performance (total time taken to complete the task) varied by two or more standard
deviations from the mean of the group. The final sample therefore consisted of 36
participants.

Before starting with the task, participants were asked to indicate how many hours
per month they played computer games (i.e. never, less than 24 hours, between 24 and
48 hours, between 48 and 72 hours, more than 72 hours). The majority of the participants
(24 out of 36) stated that they spent less than 24 hours per month playing computer
games. Only 2 participants said they played computer games more than 72 hours per
month.

All participants gave informed written consent prior to the commencement of the
study and received a small honorarium for their participation. The study procedures were

approved by the local ethical review committee.

4.2 Materials and Procedure
The platform for the experimental task was an adapted version of the computer
game ‘Pontifex’ [33], in which players must design a truss bridge that spans a river.

12
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Participants were required to design a series of bridges that could each support a
specified load using the available budget. The game included two modes. The ‘Design’
mode allowed participants to plan the bridge structure by arranging and modifying the
structural elements, considering the required span (to cross a river) and the ‘anchor
points’ that could be used to support the bridge (e.g. the banks of the river, or a rock at
mid-span). The ‘Test’ mode allowed participants to load the bridge (by driving a train
across it) and assess its performance (see Figure 1). To capture the participants’ activities
during the game and the utterances they made, the ‘Fraps’ screen recording software was
used [34]. This recorded every design and test cycle, including the placement, deletion
and resizing of the structural elements, as well as the resulting cost of the bridge and its
performance when subjected to loading.
[Figure 1]

The task consisted of a series of trials varying in the length of the gap that the
bridges were required to span, and the number and location of the anchor points that
could be used to connect the various structural elements. In each trial, the participants
were required (and incentivized) to design the lowest cost bridge that would support the
load. In particular, there were ten trials:

J five single-approach trials, in which successful bridges could only be designed by
using all the available anchor points (otherwise the bridges would fail to support the load);
) four dual-approach trials, in which successful bridges could either be designed by

using all the available anchor points or by not using all the anchor points (both types of
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design could be within budget and support the load, but those designs that used all the
anchor points would cost more to construct than was necessary);

J one ‘extinction’ trial, in which successful bridges could only be designed by not
using all the available anchor points (otherwise the budget would be exceeded).
Importantly, each of the ‘approaches’ that the participants could adopt would result in a
set (or ‘family’) of design solutions for each trial, with different numbers and sizes of
elements and different associated costs. Hereafter, we only distinguish between the
different design approaches adopted and the broad sets of design solutions associated
with those approaches. We do not distinguish between the different detailed geometries
constructed or the resulting small differences in cost; the experimental trials were not set
up to differentiate on that basis. However, to account for the variety of possible designs,
in almost all the trials (except the extinction trial) the available budget was at least double
the budget required to construct the optimal solution. This allowed participants to design
any bridge structure that they were likely to attempt, regardless of the cost.

Participants were assigned to two experimental groups, which only varied in the
order of the trials (see Table 1). In the experimental group, the trial order resembled the
order of the jars problems in Luchins’ study [14]. Participants completed five single-
approach trials, then two dual-approach trials, then an extinction trial, and finally two
additional dual-approach trials. In the control group, participants received the same set
of trials in a different order. Crucially, they started the task by completing the extinction
trial and the single-approach trials were not grouped together. This experimental

manipulation was expected to avoid the development of a mechanized state of mind
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because the initial trial did not require the use of all the anchor points but some
subsequent trials did.

Each participant was tested individually in a private meeting room, seated at a
computer screen. An initial introduction explained that they would be playing a computer
game and answering some questions about their performance. Before starting with the
experimental task, participants received a brief training session in order to familiarize
themselves with the game platform. Their task in the training session was to design and
test a tower, which familiarized them with both the Design and the Test modes. Once the
participants were able to interact with the game platform without further assistance from
the experimenter, they were provided with the written instructions concerning the
experimental task. The overall aim of the task was to design the least expensive bridge
possible that could withstand the load of a train moving across it without suffering any
damage (i.e. broken structural elements or connections). To further motivate
participants, they were told that their final score (calculated as the amount of money they
had left after the ten trials, i.e. the unspent budget) would determine their ranking. At
the end of the study, the highest ranked participant would receive an online shopping
voucher. Additionally, to reduce the influence of participants’ background and/or
previous experience with similar design-activities, they were told that they would be
constructing the bridges in an imaginary world (e.g., anchor points could be in mid-air,
and not just on the ground). In all the trials, participants could iterate freely between the

Design and Test modes in their attempts to design the least expensive bridge possible
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with each iteration later being counted as one ‘design-test cycle’. There was no time
constraint to complete the task.
[Table 1]

To provide a more contextually rich account of the participants’ design behavior,
they underwent a post-experimental interview (after playing the game) aimed at
evaluating whether participants in the two groups had a different subjective experience
of the task. In particular, participants were asked to rate on a 5-points scale (a) how much
they enjoyed playing the game (1 = | did not enjoy it, 5 = | enjoyed it a lot), and (b) how
difficult they found it to play the game (1 =it was extremely difficult, 5 = it was not difficult
at all). Additionally, participants were required to indicate whether they had constructed
the bridges in an automatic way or if they had thought about the different possibilities.
Finally, they were asked to guess the aim of the study. At the end of the experiment, all
participants received a quick debriefing explaining the main purpose of the study. The

total testing time was about one hour per participant.

5 RESULTS

When working on the dual-approach trials, 15 out of 18 (83%) participants in the
experimental group failed to design less expensive bridges; they instead continued to
design following the approach used in the previous single-approach trials (see Table 2).
This is similar to what Luchins found, and just as in his studies [14, 21, 22, 23], we observed
that this tendency to automatically repeat the previously learned approach slightly
decreased in the two dual-approach trials following the extinction trial (in the
experimental condition two dual-approach trials preceded the extinction trial and two

16



Computer-based ‘mental set’ tasks: An alternative approach to studying design fixation

followed it). In particular, a Chi-square test with the proportion of dual-approach trials
solved with the more expensive approach as the dependent variable revealed that the
more expensive approach was used more often to design bridges in the dual-approach
trials preceding the extinction trial (i.e. 21 out of 26 trials, or 81%) than in the dual-
approach trials following the extinction trial (11 out of 26 trials, or 42%), x*(1) =8.12, p =
.004, ¢ = .39. (For this analysis we removed 5 participants who were able to solve both
the dual-approach trials preceding the extinction trial using the alternative, less expensive

approach.)

5.1 Effect of mental set on the design solution

To quantify the effect of mental set on the participants’ design solution, we
compared the experimental and the control group in terms of (a) the number of
participants who designed the bridges using the more expensive approach in the dual-
approach trials (even though an alternative, less expensive approach was possible), and
(b) the proportion of dual-approach trials solved following the more expensive approach.
A Chi-Square test with the proportion of participants who solved the dual-approach trials
with the more expensive design approach as the dependent variable showed a significant
difference between the two groups, x¥?(1) = 5.90, p = .02, ¢ = .40, with more participants
in the experimental group designing the bridges with the more expensive approach than
participants in the control group (see Table 2). Similarly, a Chi-Square test with the
proportion of dual-approach trials solved with the more expensive approach as the
dependent variable revealed a significant difference between the two groups, x*(1) =
13.93, p =.000, ¢ = .31, with participants in the experimental group more often adopting

17
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the more expensive approach than participants in the control group (see Table 2). Finally,
an independent-samples t-test with the average cost of the bridges designed by the two
groups as the dependent variable showed that the experimental group (M = $30,077.39,
SD = 2,701.22, SE = 636.68) designed more expensive bridges overall compared to the

control group (M =$27,461.11, SD = 1,999.76, SE = 471.35), t(34) = 3.3, p =.002, d = 1.10.

[Table 2]

5.2 Effect of mental set on the design process

To evaluate the extent to which developing a mental set influenced the
participants’ design process, we compared the experimental group and the control group
with regards to (a) the total time taken to design the bridges, (b) the number of structural
elements used through the various design-test cycles, (c) the number of design-test
cycles, (d) the cost of constructing the bridges in all the trials, and (e) the behavior
exhibited when attempting to construct the least expensive bridge possible.

An independent-samples t-test with the average time that participants spent to
solve all the trials as the dependent variable showed a significant difference between the
two groups, t(34) =2.10, p =.04, d = .70, with the experimental group spending more time
overall to design the bridges compared to the control group (see Table 3). Similarly, an
independent-samples t-test with the average number of structural elements used by
participants in the two groups as the dependent variable showed that those in the
experimental group added and subtracted significantly more structural elements during

their design iterations compared to the participants in the control group, t(34) =2.57, p =
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.01, d = .85 (see Table 3). In contrast, an independent-samples t-test with the average
number of bridge designs tested as the dependent variable showed no significant
difference between the experimental and the control group, t(34) =.76, p = .45, d = .35

(see Table 3).

[Table 3]

Looking at the participants’ behavior allowed us to make observations about the
ways in which they were designing, not just the design outcomes they arrived at. In
particular, when comparing the first design-test cycles (across all trials) run by the
participants in the two groups by means of an independent-samples t-test, we observed
that the first designs tested by participants in the experimental group were significantly
more expensive overall than the first designs tested by participants in the control group
(experimental group: M = $31,059.26, SD = 2684.13, SE = 632.65; control group: M =
$28,360.76, SD = 2394.04, SE = 564.28), t(34) =3.18, p =.003, d = 1.06. Crucially, as shown
in Figure 2, the cost of the first designs tested by the control group was also lower than
the cost of the least expensive design solution, which demonstrates how participants in
the control group often started with very low cost solutions, even though those solutions
were not functional.

[Figure 2]

Following this observation, we compared the cost of each tested bridge design

with the cost of the least expensive design solution (see Table 1). This allowed us to

classify the participants’ design behavior:

19



Computer-based ‘mental set’ tasks: An alternative approach to studying design fixation

e ‘stop if it works’— designed and tested only one bridge without any further design-
test cycles (design cost > least expensive solution);

e ‘strong then cheap’— started with a functional design that was more expensive
than the minimum cost solution, and then reduced costs by eliminating structural
elements through one or more design-test cycles (initial design costs > least
expensive solution);

e ‘cheap then strong’— started with a low cost design that did not support the load,
and then strengthened the structure by incorporating additional structural
elements through one or more design-test cycles (initial design cost < least
expensive solution).

While the experimental group and the control group did not differ with regards to the
frequency with which they exhibited the ‘stop if it works’ behavior (see Figure 3), opposite
results were found for the ‘strong then cheap’ and ‘cheap then strong’ behaviors. In
particular, a Chi Square test with the frequency of use of the ‘cheap then strong’ behavior
as the dependent variables revealed a significant difference between the two groups,
x2(1) = 15.33, p = .000, ¢ = .32, with the control group more frequently exhibiting the
‘cheap then strong’ behavior than the experimental group. An additional one-way
Analysis of Variance (ANOVA) with ‘type of behavior’ as the independent variable and
average amount of money spent to design the bridges as the dependent variable was
conducted to evaluate the extent to which adopting different types of design behavior
influenced the amount of the available budget participants used to design the bridges.

The use of the three types of behavior significantly affected the cost of the designed

20
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bridges, F(2, 274) = 5.12, p = .007, ny? = .03. Planned Student’s t-tests with the average
cost of the bridges designed by participants as the dependent variable were conducted in
order to evaluate the effect of each type of behavior on the amount of budget spent.
Although the comparisons were planned prior to the experiment, the Bonferroni
correction (0.05+3 comparisons, alpha level to 0.017) was nevertheless implemented to
minimize the probability of type 1 error, thus providing results that were more
conservative. The results revealed that, compared to the ‘strong then cheap’ behavior (M
=$34,234.94, SD=10,701.35, SE=1,261.17), adoption of the ‘cheap then strong’ behavior
(M =$29,291.83, SD = 6,650.97, SE = 778.44) led participants to design less expensive
bridges overall, t(143) = —-3.35, p =.001, d = .55. No differences were found between the
‘stop if it works’ behavior (M = $30,967.71, SD = 10,157.41, SE = 884.09) and the ‘strong
then cheap’ behavior, t(202) = -2.15, p = .03, d = .31, or between the ‘stop if it works’

behavior and the ‘cheap then strong’ behavior, t(203) =1.26, p = .21, d =.19.

[Figure 3]

In line with previous studies on mental set [14, 15], we also compared the
performance of the experimental group and the control group on the extinction trial. This
allowed us to establish in what ways the occurrence of mental set influenced the
performance of participants in the experimental group when working on this trial (for
which the only approach that would work was different to the approach needed to solve
the preceding single-approach trials).

All the participants were able to complete the extinction trial. However, an

independent-samples t-test with the average number of structural elements used by
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participants in the two groups as the dependent variable revealed that those in the
experimental group added and subtracted significantly more structural elements during
their design iterations (M = 19.23, SD = 19.76, SE = 5.48) compared to the participants in
the control group (M = 8.28, SD = 7.43, SE = 1.75), t(34) = 2.15, p = .03, d = .79. An
additional independent-samples t-test with the average time that participants spent to
solve the extinction trial as the dependent variable showed that participants in the
experimental group took more time to complete the extinction trial (M = 107.22 seconds,
SD =94.33, SE = 22.23) than participants in the control group (M = 71 seconds, SD =47.19,
SE =11.12). However, this comparison did not reach statistical significance, t(34) = 1.75,
p=.09, d=.48. In line with the overall nature of these results, the verbal reports collected
from the participants while working on the extinction trial revealed a sort of frustration
experienced exclusively by participants in the experimental group: “This is impossible”; “I

can’t understand how to solve it. This is the basis | need, but | am already very close to

the budget”; “I can’t do anything”.

5.3 Role of mental set in moderating the subjective experience of the task

To assess the role of the mental set in moderating the subjective experience of
the task, we compared how the two groups differed with regards to (a) their level of
enjoyment of the task, (b) their perceived difficulty in the task, and (c) their awareness of

how they had completed the task (i.e. in an automatic vs. reflexive way).

Overall, participants reported that they enjoyed playing the game (M =4.11, SD =

0.14, SE = 0.14) and did not find the task difficult (M = 4.22, SD = 0.72, SE = 0.11).
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Independent-samples t-tests also revealed that the experimental group and the control
group did not differ in their level of enjoyment of the game (Experimental group: M =
4.17,SD = 0.86, SE = 0.20; Control group: M = 4.05, SD = 0.80, SE=0.19), t(34)=—.40,p =
.69, d = .14, and their perception of how difficult the task was (Experimental group: M =
4.17, SD = 0.62, SE = 0.14; Control group: M = 4.28, SD = 0.83, SE = 0.19), t(34) = .45, p =

.65, d = .15.

Finally, a Chi-Square test with the proportion of participants who stated they had
designed the bridges in an automatic way as the dependent variable revealed a significant
difference between the two groups, x*(1) = 7.34, p = .007 ¢ = .46, with more participants
in the experimental group designing the bridges in an automatic way (9 out of 18, or 50%)
compared to the control group (2 out of 18, or 11%). In line with this result, when at the
end of the study participants were asked to clarify the type of strategy they adopted to
design the bridges, those who had demonstrated mental set during the task often made
statements such as “The only thing | thought was to construct a bridge that worked”, or
“I did not pay so much attention”. In contrast, the participants who had not demonstrated
mental set during the task often made statements such as “l had the feeling that you were

trying to trick me”, or “This is tricky because | don’t have to use all the anchor points”.

To assess participants’ awareness of the research hypothesis, at the end of the
experiment, we asked participants to guess the aim of the study. Most of them (23 out of
36, or 64%) were unable to guess the general class of phenomena that we were
investigating (fixation, bias, mental blocks, etc.). Interestingly, the sub-group that was

best able to guess the aim of the study mainly consisted of participants belonging to the
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experimental group (10 out of 13, or 77%) and they were those who had been the most
stuck during the task (participants who guessed the aim of the study accounted for

65.72% of the measured ‘fixated’ designs).

6 DISCUSSION

With the objective of developing a mental set paradigm for studying design
fixation, we developed a computer-based design task that would address some of the
main limitations of previous design fixation studies, especially the exclusive focus on
unbounded ideation, limited data capture and the use of subjective metrics to evaluate
the design outcomes.

In line with previous psychological research targeting mental set [13, 14], we
found that, when working on the dual-approach trials, and in comparison to the control
group, those in the experimental group more often failed to notice the possibility of a less
expensive design approach; they instead continued to design structures following the
more expensive approach used in the previous single-approach trials. In other words, the
development of a mechanized state of mind fixated the experimental group on a
particular design approach, thus preventing the consideration of alternative, lower cost
solutions. In addition, participants in the experimental group more often stated that they
had constructed the bridges in an automatic way compared to the control group.
Additional support for this claim came from their description of the strategy adopted to
design the bridges (see Section 5.3). Similar statements were reported in Luchins’ original
study (e.g. participants exhibiting the Einstellung effect said “I did not think of other
methods because the same methods always worked”; “it became natural, automatic”;
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participants not exhibiting the Einstellung effect said “I am not a fool”; “I am not that
dumb”; “Are you trying to catch me?”) [14 (pp. 31, 32, 54)]. Overall, these observations
support the claim that mental set occurs as an automatic repetition of familiar behavior
[14, 15, 44].

Importantly, and contrary to previous design fixation studies, the fixating solution
in our study was one which the participants arrived at spontaneously, rather than one
which was directly provided by researchers. The provision of existing design solutions (e.g.
in the form of an example solution) has often been shown to reduce the quantity and
variety of the solutions that participants generate in response to a design task [11]. These
experimental findings relate to observations of professional practice where knowledge of
previous design solutions can ‘fixate’ the subsequent design behavior. For example,
Eckert, Stacey, and Earl [35] state that when looking for solutions to specific problems,
designers typically take inspiration from past designs. One consequence of this is that the
identification and adaptation of prior work imports more into the new design than just a
solution principle. It also carries assumptions about physical properties, materials,
manufacturing processes and context of use. Whilst some of these assumptions may be
required, others may be inappropriate, having been unintended in the new context and
going unrecognized as the project progresses (for similar observations see [36, 37, 38]).

Just as external forms of inspiration can be a source of fixating knowledge, they
are not the only source; prior experience in a particular task domain can also impact
subsequent design behavior. Consistent with this, in our study, fixation (in the form of

mental set) resulted from the participants’ experience with a particular design approach.

25



Computer-based ‘mental set’ tasks: An alternative approach to studying design fixation

Similar to previous design fixation studies, our results are supported by observations of
design practice in which the solution concepts developed in the early stages of the design
process can have a limiting effect on later ideation, as effort is expended on defending
the early direction rather than exploring new ones [5, 39, 40]. Ball and Evans [41] regarded
such behavior as indicating a fixation on initial concepts, and a reliance on a simple
‘satisficing’ design strategy in contrast to any more ‘well-motivated’ process of
optimization. In relation to this, many researchers have reported evidence for the
existence of an ‘opportunistic’ behavior leading designers to base their decisions on
familiar aspects of the task rather than on a hierarchically-structured top-down approach
[42, 43, 44].

In light of these considerations, we believe that our study complements and
enlarges previous research into the effect of external inspiration sources on the design
outcome by providing new insights into the role of an ‘internal’ source of fixation taking
the form of a premature (and unconscious) commitment to previously explored solutions
or previously implemented approaches.

While examining design outcomes allowed us to evaluate the role of mental set in
moderating the design solution, looking at the process of designing gave us the possibility
to make observations about the nature of fixation episodes and the conditions in which
they occurred. This was possible thanks to the use of a digital platform which captured
design behavior throughout the task. We found that the occurrence of mental set in the
experimental group led those participants to include more structural elements in their

designs, and to spend more time designing the bridges. More interestingly, we observed
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that participants in the two groups showed different behaviors in their attempts to design
the least expensive bridge that would support the load: the experimental group more
often demonstrated a ‘strong then cheap’ behavior whilst the control group tended to
demonstrate a ‘cheap then strong’ behavior. In light of this observation, we hypothesize
a different role for ‘functional objectives’ (i.e. structural support) and ‘resource
constraints’ (i.e. available budget) in moderating the design behavior of the two groups.
While the behavior of the experimental group was mainly driven by the objective of
designing a functional structure, the control group was more focused on the constrained
resources, designing the least expensive bridge possible. The occurrence of these
different patterns of behavior may have been induced by the different order of trials for
the two groups, leading participants in the control group to approach the post-extinction
trials by adopting a step-by-step approach (i.e. a step-wise increment of the bridges’
strength), ultimately resulting in more efficient designs. Another possibility is that the
lower budget available to solve the extinction trial (see Table 1) might have altered
participants’ design behavior in the following trials, to the extent that they became
'mentally set' to look for very inexpensive solutions. However, participants in both groups
were instructed to design the least expensive bridge that could support the load and were
motivated to do so by the prize available.

Our observations of the participants’ design process can be connected to Fricke’s
accounts of early-stage design strategies [45]. He distinguished between a “function-
oriented” strategy, in which the design operations are carried out for one initial function

until a satisfying level of concretization is reached, and a step-wise “process-oriented”
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strategy, which follows a hierarchical and sequential plan of action, executing basic design
operations step by step. In his study, Fricke noticed that, compared to the stepwise
“process-oriented” strategy, the “function-oriented” strategy resulted in the generation
of fewer solution variants. When combined with Fricke’s observations, our findings
suggest that the strategy designers use while they are working on a problem impacts the
type and variety of solutions they generate. This highlights a need for design fixation
research to investigate (a) the influence of different design strategies on the occurrence
of fixation episodes, and conversely (b) the influence of fixation episodes in determining
the adoption of different design strategies. This may help researchers to develop a better
understanding of the cognitive biases that can occur during the design process and allow
recommendations to be formulated for which design strategies should be encouraged or
discouraged, depending on either the nature of the design activity or the stages of the
design process (see [18]).

In addition to contributing to the design literature, our findings expand previous
results related to mental set in psychological research. At the most general level, the
present study documented for the first time the occurrence of mental set by using a task
that did not have a single best [14] or most efficient solution [13], but a range of possible
more or less efficient responses. Participants were able to demonstrate flexibility both in
how they approached the task and also in the solutions that they proposed. Indeed, an
important difference between psychological research on fixation-related effects (in
general) and design fixation studies (in particular) is that the former adopts highly

constrained and well-defined tasks in which the solution has to be discovered, while the
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latter uses ill-defined and open-ended problems in which the solutions have to be
invented [46, 47, 48]. Our task lies on this continuum: it was relatively constrained (i.e. to
get an adequate control on the type of solutions participants could generate) and yet
open-ended (to permit a design space to be explored). As such, our method and results
might be of interest not only to those studying design fixation (who might see the
opportunity to observe the phenomenon of interest in more constrained tasks) but also
for those studying mental set (who might see the opportunity to study the phenomenon
of interest in less constrained tasks).

In contrast to previous studies [13, 14], the occurrence of mental set did not
prevent our experimental group from solving the extinction trial and only slightly slowed
down their performance on that trial (for similar results on the extinction trial see [14]).
One possibility could be that by allowing many solution variants we encouraged
participants to expand the boundaries of the solution space, thus considering a larger set
of solution approaches. Nevertheless, the verbal reports collected during the task
revealed a sort of tension and nervousness experienced exclusively by participants in the
experimental group when working on the extinction trial (see Section 5.2). These
comments resembled those reported in Luchins’ original manuscript (e.g. “The rule
doesn't work here,” “You made a mistake in this problem,” “The answer is 42 not 25”) [14
(p. 68)] and suggest that, even when the occurrence of mental set does not hinder the
solution of the extinction trial, it may result in a different subjective experience of that
trial. Furthermore, the fact that all the participants in the experimental group were able

to complete the extinction trial confirmed that that group’s failure to use the alternative,
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less expensive design approach in the dual-approach trials occurred because of the
blocking influence of the familiar approach and did not result from a lack of knowledge of
how to apply that less expensive approach (also see [13]).

Looking at more specific results, we showed the ‘costs’ of mental set could be
guantified in a different way to that demonstrated by Bilali¢ et al. [13]. In their study,
participants completed only one 2-solutions trial and one 1-solution trial; the occurrence
of mental set was quantified in terms of standard deviations in skill level on the extinction
trial (i.e. the occurrence of mental set reduced the performance of chess players by three
standard deviations to the level of less-skilled players). In contrast, following Luchins’
example [14], our participants completed four dual-approach trials and the effect of
mental set was quantified in terms of the number of trials completed with the less
efficient (i.e. more expensive) approach by participants in the two groups. From this
perspective, our results expand those of Bilali¢ et al. as they give the opportunity to
guantify mental set by evaluating the persistence of the effect across multiple trials and
in tasks that permit multiple solutions.

In summary, we believe that our method promises a number of advantages over
traditional design fixation studies:

e observation of design fixation beyond the context of idea generation;
e more objective analysis of design behavior (because the design task is

partially constrained and outputs can be tested automatically);
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clear evaluation of the effects of objectives and constraints on design
performance (because the objectives and constraints are well defined and
performance is directly measured);

direct quantification of the consequences of design fixation (because the
inclusion of a resource objective allows researchers to measure the
relative merits of different solutions);

evaluation of design fixation episodes occurring during the design process
(because using a digital platform allows researchers to conveniently
capture and record design activities, not just the outputs);

closer connection to theories, methods and results from psychological
research literature (because the task and format more closely resemble

work in that discipline).

In addition, providing feedback on design performance (through the possibility to switch

between the Design and the Test mode) allowed us to simulate an important part of

design activities that allow for rapid testing or simulation. This suggests a further

advantage that our method may offer over the tasks typically used to study design

fixation: the possibility for participants to attain a higher level of enjoyment and

involvement in the task. This could easily be heightened by implementing a more explicit

game format as previous research suggests that using a game-based approach can help

develop and sustain engagement, compliance and satisfaction in the task (for a review

see [49]). In addition, playfulness and task motivation are known to be important factors

in fostering creativity [50, 51]. From this perspective, using computer games that
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represent simple design activities may allow fixation researchers to either achieve a
greater level of participant involvement in the task (thus avoiding the limitations
frequently highlighted in design fixation studies, e.g. [14, 52, 53]) or increase the creative
potential of the participants’ responses.

Finally, our observation that participants who experienced fixation during the
design activity increased their awareness of the occurrence of this phenomena highlights
some potential for using a variant of our method to encourage designers to recognize
fixation effects and possibly overcome them (for a review of research on computer-based
game-like tasks as a means to promote behavioral and attitudinal changes see [54]).
Support for this possibility comes from research both within the design field [47] and
elsewhere [55, 56, 57], suggesting that experience of fixation itself (and its negative
consequences) can be the means by which designers reflect on their biases and learn to

resist them.

7 LIMITATIONS AND FUTURE WORK

Despite the benefits of our approach to studying design fixation, there are some
limitations and challenges that require attention. In particular, when selecting or
developing suitable tasks, it is difficult to arrive at tasks that are adequately controlled
and yet flexible enough to permit creative design work to be performed. As mentioned
before, in developing our study we tried to circumvent this limitation by using a task
which was quite constrained (i.e. to gain an adequate control on the performance) but
permitted a range of possible responses (to permit a design space to be explored).
Nevertheless, we are aware that the use of relatively constrained computer-based tasks
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in fixation research calls for balancing several factors, including the complexity of the
design tasks, the number of possible solutions to those tasks and the time taken for
participants to learn how to use the software. Future work might progressively vary the
degree to which the task is constrained (and thus the range of possible solutions) and
assess how this influences the number and type of solutions participants generate.

Our task exhibited some very specific features (i.e. type of structure that could be
constructed, type of materials that could be used) and the type of design activity required.
This raises a number of questions about how the findings from our research might
generalize to other kinds of design activity, and also questions about what kind of design
tasks offer the best basis for studying fixation effects at different stages of the design
process. Furthermore, our design task had a relatively simple set of objectives and
constraints (the bridge should span the river, be sufficiently strong and yet be as cheap
as possible). Designers often work with numerous interacting and conflicting
requirements, not all of which are well defined or directly reducible to numerical values.
Future studies could take inspiration from our approach to develop novel tasks that can
be used to study how fixation episodes occur in various types of design activities and at
the various stages of the design process. In developing such tasks, researchers should be
aware that mental set may not always be easily induced experimentally, at least not in
the strongest form that Luchins achieved. In particular, we recommend that the ‘fixating’
trials be selected carefully (possibly through a pre-testing phase) so that all the
participants are able to solve them. Indeed, if these trials are too hard, participants may

not be able to complete them and thus mental set may be not induced [58].
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Design fixation studies typically permit participants to sketch (freehand) in
response to the task that is set, potentially imitating the practices of some working
designers [59 (p. 25)], or encouraging creative behavior [60]. In contrast, our study
required participants to work directly on the computer, allowing the provision of a design
environment in which participants received feedback on their design performance
(through the possibility to switch between the Design and the Test mode). This mimics an
important part of design activities that allow for rapid testing (e.g. design practices in
which computer simulations are common: Finite Element Analysis, Computational Fluid
Dynamics, etc.). However, whilst many practicing designers work only (or primarily) with
digital tools [61], many do not, especially in early-stage design. Despite the
methodological benefits of constraining participants to the use of computers, this might
affect the results when certain research questions are being investigated (e.g. those
connected to modes of representation). Future work might then develop a hybrid
approach, where participants are able (or required) to sketch by hand before entering a
digital environment that permits feedback and iteration.

Despite the differences between our study and a conventional design fixation
experiment, in some ways it is also quite similar, especially with respect to the
characteristics of the participants (inexperienced, unspecialized), the duration of the task
(short) and the discipline of design (Engineering). Whilst these features might all pose
problems for generalizing our results to other kinds of design practice, that is not our
objective here. We only seek to make claims about methodological options, and the type

of method we demonstrate is equally applicable to expert designers working on long-
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duration tasks. Furthermore, the opportunity to administer the study remotely (e.g.
online) and thus periodically (e.g. once a week) would make such studies easier to
conduct. Of course, our particular task only relates to structural design, but future
research might explore mental set in different types of design activities. All those design
practices that involve repeatedly solving similar but different design problems might be
subject to mental set, including design work that produces plans for similar but different
structures, mechanisms, electrical circuits and software routines. In such cases, it could
be that an implicit assumption leads designers to repeat a category of solution or the
means by which that solution is reached. Investigating mental set in engineering practice
might either reveal differences in how fixation is manifested in different problem types,
or might reveal that the phenomena of interest are in fact quite similar. As such,
researchers could select their experimental tasks based on the methodological

opportunities those tasks offer rather than on some similarity to specific design practices.

8 CONCLUSION

Over 25 years, design fixation has provided researchers from a variety of backgrounds
with a compelling, important, and uniquely cross-disciplinary design phenomenon to
study. The research is compelling because fixation blocks the creativity of designers, thus
limiting their ability to generate innovative solutions. Individually and collectively, studies
of design fixation have improved our understanding of why fixation occurs and how it
might be mitigated. However, to date, such studies have been quite uniform in the

experimental approach adopted. That approach suffers from a number of methodological
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limitations related to the way in which the occurrence of fixation episodes is identified
(i.e. at early-stage ideation), the characteristics of the design problems (i.e. ill-defined and
ill-structured problems), the type of data that are collected (i.e. participants’ final design
ideas) and the way in which the data are analyzed (i.e. through various subjective
metrics). The method we propose here provides a promising future direction for fixation
research, offering a more objective, repeatable and comparable description of the various
phenomena of interest. In conclusion, although design fixation research has already made
good progress with a very limited set of experimental techniques, there are great
opportunities for developing other approaches. Applying a broader range of experimental
methods might be expected to generate richer insights into fixation, how it occurs and
how it might be mitigated.
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Figures Captions List

Figure 1

Figure 2

Figure 3

Screen images of the game platform used for the trials, showing the
Design mode (left) and the Test mode (right).

Mean additional cost (and Standard Error) of the last design tested
compared to the first design tested. In each case, the additional cost is
relative to the cost of the least expensive possible functional solution.
Proportion of trials in which the participants exhibited the ‘stop if it works’
behavior, the ‘strong then cheap’ behavior and the ‘cheap then strong’
behavior. ‘Others’ refer to all the cases in which the behavior could not be
classified in one of previous categories or resulted from a combination of

them.
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Tables Captions List

Table 1

Table 2

Table 3

Characteristics of the trials and the trial order in the two groups. The
column labelled “number of anchor points
provided/minimum/maximum” details the number of anchor points
provided to participants at the start of the trial, the minimum number of
anchor points that must be used to span the gap and support the load, and
the maximum number of anchor points that can be used to span the gap
and support the load without exceeding the allocated budget. (For single-
approach trials, provided = minimum = maximum; for dual-approach trials,
provided = maximum > minimum; for the extinction trial, minimum =
maximum < provided.)

Number of participants using all the anchor points in the dual-approach
trials and number of dual-approach trials solved using all the anchor points
(percentages in brackets).

The time spent designing across all the trials, mean number of structural
elements used and number of design-test cycles (Standard Deviation and

Standard Error in brackets).
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EXTERNAL

BUDGET:S100000

Figure 1. Screen images of the game platform used for the trials, showing the Design

mode (left) and the Test mode (right).
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Figure 2. Mean additional cost (and Standard Error) of the last design tested compared

to the first design tested. In each case, the additional cost is relative to the cost of the

least expensive possible functional solution.
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Frequency of occurrance (%)
e

Stop if it works Strong then cheap Cheap then strong Others
W Experimental group  OControl group
Figure 3. Proportion of trials in which the participants exhibited the ‘stop if it works’
behavior, the ‘strong then cheap’ behavior and the ‘cheap then strong’ behavior.
‘Others’ refer to all the cases in which the behavior could not be classified in one of

previous categories or resulted from a combination of them.
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Table 1. Characteristics of the trials and the trial order in the two groups. The column
labelled “number of anchor points provided/minimum/maximum” details the number
of anchor points provided to participants at the start of the trial, the minimum number
of anchor points that must be used to span the gap and support the load, and the
maximum number of anchor points that can be used to span the gap and support the
load without exceeding the allocated budget. (For single-approach trials, provided =
minimum = maximum; for dual-approach trials, provided = maximum > minimum; for

the extinction trial, minimum = maximum < provided.)
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Trial type | Required Budget Trials Trials Number of | Cost of the least expensive solution
bridge available order in | order in | anchor if...
span experime control points
ntal condition provided/ ..using all .
. . ...not using all the
condition minimum/ the anchor )
. . anchor points
maximum points
Single- . .
160m $100,000 1 3 3/3/3 $18,272 Bridge fails
approach
Single- . .
240m $100,000 2 9 5/5/5 $26,672 Bridge fails
approach
Single- . .
240m $100,000 3 10 5/5/5 $27,672 Bridge fails
approach
Single- . .
320m $100,000 4 6 6/6/6 $37,478 Bridge fails
approach
Single- . .
320m $100,000 5 4 5/5/5 $37,544 Bridge fails
approach
Dual-
160m $100,000 6 2 4/3/4 $18,772 $18,272
approach
Dual-
320m $100,000 7 5 7/6/7 $40,044 $37,544
approach
Budget
Extinction | 80m $7000 8 1 4/2/2 € $6400
exceeded
Dual-
240m $100,000 9 8 6/5/6 $27,672 $26,672
approach
Dual-
240m $100,000 10 7 8/6/8 $28,606 $26,606
approach
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Table 2. Number of participants using all the anchor points in the dual-approach trials

and number of dual-approach trials solved using all the anchor points (percentages in

brackets).

Number of participants solving
the dual-approach trials using all
the anchor points

Number of dual-approach trials
solved using all the anchor points

Experimental

Group 15 (83%) 34 (47%)
Control
Group 8 (44%) 13 (18%)
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Table 3. The time spent designing across all the trials, mean number of structural
elements used and number of design-test cycles (Standard Deviation and Standard Error

in brackets).

Mean number of

Mean time (in secs) spent Mean number of
.. structural elements .
designing design-test cycles
used
Experimental 102.46 26.49 2.44
Group (SD=43.41,SE=10.23) (5D =8.79, SE=2.07) (5D =0.83, SE=0.20)
Control 74.44 19.61 2.23
Group (SD =36.19, SE = 8.53) (SD=7.21,SE=1.70) (SE=0.19,SD=0.83)
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