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ABSTRACT 
The think-aloud protocol provides researchers an insight into the designer’s mental state, but little is 
understood about how thinking aloud influences design. The study presented in this paper sets out to 
measure the cognitive and neurocognitive changes in designers when thinking aloud. Engineering 
students (n=50) were randomly assigned to the think-aloud or control group. Students were outfitted 
with a functional near-infrared spectroscopy band. Students were asked to design a personal 
entertainment system. The think-aloud group spent significantly less time designing. Their design 
sketches included significantly fewer words. The think-aloud group also required significantly more 
resources in the left and right dorsolateral prefrontal cortex (DLPFC). The left DLPFC is often recruited 
for language processing, and the right DLPFC is involved in visual representation and problem-solving. 
The faster depletion of neurocognitive resources may have contributed to less time designing. Thinking 
aloud influences design cognition and neurocognition, but these effects are only now becoming 
apparent. More research and the adoption of neuroscience techniques can help shed light on these 
differences. 
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1 INTRODUCTION 

Thinking aloud is a commonly applied protocol in engineering design research. The process involves 

designers verbalizing what they think as they perform a task. Designers are asked to say what comes 

into their minds. This includes what they are looking at, thinking, doing, and feeling. It provides 

insight into the designer’s mental state and cognitive processes.  

Ericsson and Simon’s (1980) seminal work on thinking aloud claims that this type of verbalization 

does not change cognition or mental states because the information is already being attended to by the 

designer. However, the influence of thinking aloud on design is still debated (Fox et al., 2011). 

Thinking aloud changes the perception of time (Hertzum and Holmegaard, 2015) and can delay the 

generation of ideas (Sun et al., 2021).  

One explanation for why thinking aloud changes perceptions of time and delays idea generation is it 

increases designers’ mental workload (Hertzum and Holmegaard, 2015). Mental workload is the 

number of cognitive resources required to perform a task or multiple tasks (Wickens, 2008). Mental 

workload is usually measured through task intensity (e.g., the number of tasks performed), using a 

psychological measure (e.g., a secondary task), or a subjective measure (e.g., a questionnaire) (Byrne, 

2011). More recently, physiological measures (e.g., heart rate, skin conductivity, oxygenated 

hemoglobin) have been used to measure mental workload (Bunce et al., 2011; Midha et al., 2021; Peck 

et al., 2014).  

One physiological measurement tool is functional near-infrared spectroscopy (fNIRS). fNIRS 

measures the change in oxygenated hemoglobin (oxy-Hb) in the human cortex. Increased oxy-Hb is a 

proxy for the increase in mental workload (Causse et al., 2017; Midha et al., 2021). Increased oxy-Hb 

correlates with self-reported NASA-TLX workload measures (Maior et al., 2014). The benefit of 

neuroimaging tools like fNIRS is the insight it provides into the patterns of activation in the brain 

when designing (Hu and Shealy, 2019; Shealy and Hu, 2017). 

Mental workload is one possible explanation for the cognitive effect of thinking aloud when 

designing, but there are others. For example, thinking aloud may cause a shift in mental processing. 

That shift may overshadow the perception of time or require more attention, and this elicits the use of 

additional mental resources. fNIRS can test these hypotheses (Grohs et al., 2017; Jahani et al., 2017). 

The study presented in this paper sets out to measure the neurocognitive changes in designers’ brains 

when thinking aloud. The Background section provides an overview of studies measuring the effects 

of thinking aloud and outlines the use of fNIRS to study design neurocognition. The Methods section 

presents the experiment design approach to test the effects of thinking aloud on designers’ 

neurocognition. The Results and Discussion sections offer new empirical evidence and detail how 

these findings relate to prior work. The Conclusion provides directions for future research.  

2 BACKGROUND 

Prior studies about the effects of thinking aloud when completing math problems (Pike et al., 2014) or 

riding a bike (Whitehead et al., 2022) suggest that thinking aloud does not impair performance. Yet, 

physiological changes do occur. The math task was more mentally demanding and required more 

cognitive effort, observable in the participants’ brains (Pike et al., 2014). Thinking aloud when cycling 

reduced participants’ heart rates leading to more efficient pacing efforts (Whitehead et al., 2022). 

Design is different from math and cycling. It involves imagining and planning the creation of objects 

and systems. The effects of thinking aloud on design neurocognition are not well understood.  

Design requires the mental use of imagery and often elicits visuospatial reasoning (Bilda and Gero, 

2005; Gero, 2015). Visuospatial reasoning requires activation in different brain regions. Verbalization 

uses the phonological loop, an area dedicated to working memory that temporarily holds verbal 

information (Pike et al., 2014). Verbalizing while eliciting visuospatial reasoning may require multi-

tasking and additional cognitive effort. 

This type of multi-tasking, designing while verbalizing, is characterized by the Multiple Resource 

Theory (Basil, 2012; Wickens, 2008), which asserts that people have a limited set of cognitive 

resources available for mental processing. These resources can be thought of as an energy bank. 

Resources are depleted with each mental operation. As these resources are allocated across different 

tasks, modalities, and processes, fewer resources are available. Cognitively demanding single-tasks 

can run into processing difficulties when too many resources are disbursed, and dual-task performance 
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is more likely to be hampered when performing similar tasks than dissimilar tasks because of 

limitations in resource allocation to specific brain regions (Basil, 2012). 

Multiple Resource Theory contends that the type of verbalization that occurs when thinking aloud 

matters. Ericsson and Simon (1993) distinguish three levels of verbalization when thinking aloud. 

Levels one and two involve the concurrent verbalization of information while executing a task. Level 

one is the task-relevant information, and level two includes any additional thoughts reflecting on the 

process. For example, a designer introducing a new design element is level one, and a designer 

expressing that they are running out of ideas to include in their design would be level two. Levels one 

and two are believed not to influence cognition because the designer is already thinking about it. Level 

three occurs when the designer explains their thought processes. Level three is the linking of 

information to earlier thoughts and information. For example, a designer makes a design choice and 

then explains why they made that decision before designing further. Level three verbalization is 

thought to direct attention and change the structure of the thought processes (Pike et al., 2014).  

The level of verbalization often varies during thinking aloud (Hertzum et al., 2015). The objective of the 

protocol is to keep the designer talking, often with a simple prompt, such as “keep talking,” to encourage 

the design participant to maintain verbalization about their thoughts and actions. Some prior studies use 

more directed questions (generally associated with level three verbalization), which involve asking 

participants for explanations, which can trigger redesign, evaluation, and even new ideas.  

What designers say is believed to represent their thoughts but, as Ericsson and Simon (1993) attest, 

some types of verbalization (level three) may also change their thoughts. This change in thought is 

observable using instruments from neuroscience (Gero and Milovanovic, 2020). Functional magnetic 

resonance imaging (fMRI) provides high spatial resolution for the whole head but requires participants 

to lie down in a closed and confined space (Amaro and Barker, 2006). Electroencephalography (EEG) 

offers a very high temporal resolution compared to fMRI, but it is challenging to accurately pinpoint 

the brain region where electrical activity occurs (Burle et al., 2015). Functional near-infrared 

spectroscopy (fNIRS) offers aspects of both fMRI and EEG for design research, with relatively good 

resolution in space and time. A limitation of fNIRS is the measuring depth. It is limited to the human 

cortex (Strait and Scheutz, 2014). However, the prefrontal cortex, a key area for executive functions, is 

accessible and important for designing (Schneider et al., 2012).  

fNIRS works by measuring the change in light reflection between a light source and a detector. This 

change in light reflection is caused by the changes in oxygenated (oxy-Hb) and deoxygenated (deoxy-

Hb) hemoglobin in cortical brain regions. An increase in oxy-Hb typically mirrors more neuronal 

activity and implies the allocation of cognitive resources and nutrients by the cerebrovascular system 

(Csipo et al., 2021). fNIRS is often used to measure the change in neurocognition during tasks that 

require working memory (Lara and Wallis, 2015), attention, reasoning, and evaluations (Dietrich, 2004). 

The prefrontal cortex (PFC) region of the brain is divided into multiple sub-regions, including the 

ventrolateral PFC (VLPFC), medial PFC (mPFC), dorsolateral PFC (DLPFC), and orbitofrontal cortex 

(OFC). These sub-regions contribute to different aspects of cognitive processing (Mihov et al., 2010; 

Shulman et al., 2010). For instance, the DLPFC is related to working memory and plays a key role in 

implementing functional connectivity between the language network and other functional networks 

(Curtis and D’Esposito, 2003; Hertrich et al., 2021). Activation in the DLPFC seems to be lateralized 

depending on the kind of information maintained. Depending on the task modality (e.g., auditory vs. 

visual), memory tasks engage different regions of the DLPFC (Rodriguez-Jimenez et al., 2009). The left 

DLPFC generally contains verbally coded content, overlapping with regions for language and speech 

generation (Buchsbaum and D’Esposito, 2008), and the right DLPFC more often contributes to a “visual 

sketchpad” for nonverbal content that is predominantly linked to visual representations (Baddeley, 

2003). The mPFC is known to play a critical role in retrieving “remote” memories (Euston et al., 2012). 

The VLPFC was previously observed as a critical region for combining existing information into new 

ideas (Dietrich, 2004) and detecting similarity between items (Garcin et al., 2012). 

Numerous methods exist to analyze fNIRS brain data (Hu and Shealy, 2019). The average change of 

oxy-Hb is a common approach (Hu and Shealy, 2019) and has been used in prior engineering design 

neurocognitive studies (Hu and Shealy, 2019; Milovanovic et al., 2021). For example, mean oxy-Hb 

has been used in measuring the effects of structured versus non-structured design techniques (Hu et 

al., 2018) and differences between first-year and fourth-year design students (Hu et al., 2021). This 

application of neuroimaging provides a new approach for measuring the effects of thinking aloud on 

design.  
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3 RESEARCH QUESTION 

The study in this paper attempts to answer the question: what is the effect of thinking aloud on design 

cognition and neurocognition? Insight into the effects of thinking aloud when designing on cognition 

and neurocognition can help design researchers objectively measure design.    

4 METHODS 

Undergraduate and graduate engineering students (n=50) were randomly assigned to the think-aloud or 

control group. Students in both groups were outfitted with an fNIRS headband. The fNIRS device 

used in this study was the OBELAB NIRSIT.  

Before receiving the design instructions, students in the think-aloud group learned how to think aloud. 

A research team member demonstrated how to think aloud about an unrelated design task. Students 

were able to ask questions and were asked to practice using the same example question. They were to 

keep talking throughout the task and would be prompted if they were silent for too long.  

Students sat at a desk with a display monitor and were given paper and a pencil. The monitor provided 

them with instructions about the task. Participants were first prompted to answer six multiplication 

problems with numbers ranging between one and ten. A new problem appeared every five seconds for 

a total of 30 seconds. The neurocognitive activation during this time was used as baseline data and 

later regressed out of the data (see the Pre-processing section for more detail).   

Students were then prompted to design a personal entertainment system. They were given as much 

time as they needed. The monitor included instructions for the think-aloud group to think aloud while 

completing their design.  

4.1 Pre-processing 

The data collected from the fNIRS device is the change in optical density. The temporal derivative 

distribution repair (TDDR) motion correction was applied to the raw optical density data. A 1000th-

order finite impulse response (FIR) bandpass filter with cut-offs between 0.01 – 0.25 Hz was then used 

to remove artifacts from respiration (0.2 – 0.6 Hz). The modified Beer-Lambert law to get hemoglobin 

concentration was then applied. This process is illustrated in Figure 1.  

 

Figure 1: fNIRS data pre-processing procedure 

4.2 Analysis 

Physiological artifacts from cardiac pulsation (0.6-2.5 Hz) and the Mayer wave caused by blood 

pressure (0.1 Hz) remained in the data. This was regressed using the median time series data of the 15 

mm, short-channel activation from the 30 mm activation. The 15 mm detector from the source 

penetrates the scalp and skull but not the cortex. Regressing this data removed physiological artifacts 

and the Mayer wave leaving the changes in hemoglobin elicited by the task stimuli.  

The mean difference in oxy-Hb between groups was compared for each region illustrated in Figure 2. 

The broad region of interest was the prefrontal cortex (PFC) because of its role in executive functions. 

The regions include the ventrolateral, dorsolateral, frontopolar, and orbitofrontal cortex. The mean 

oxy-Hb across the entire design process and the first and second half of the design were compared. 

The data were split into halves to account for changes in time. The data were not normally distributed, 

so the Mann-Whitney U Test, instead of an independent t-test, was used to compare the mean oxy-Hb 

in each of the prefrontal cortex regions. The confidence interval was 0.05. Outliers more than two 

standard deviations from the mean were also removed from the analysis. 
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Figure 2: Channel configuration along the prefrontal cortex for OBELAB fNIRS. 

4.3 Task data 

The time to complete the design task and the design sketches were used to compare differences 

between groups. After checking for normal distribution of the length of time participants spent 

designing, an independent t-test was used to compare differences between the think-aloud and control 

groups. The confidence interval was 0.05. The number of words included in students’ design sketches 

was also compared between groups. The number of words on each design sketch was counted, and 

normal distribution was checked for each group and then compared using a Mann-Whitney U Test 

because the data were non-normally distributed. The confidence interval was 0.05.  

In addition, the audio recordings from students in the think-aloud group were transcribed. Common 

words were removed. The number of first-occurrence words, or unique words, used when thinking 

aloud was counted. The number of words included on drawings and verbalized was compared for the 

think-aloud group using Wilcoxon Rank Sum Test, similar to a paired t-test used for non-parametric 

data. The number of verbalized first-occurrence words was added to the total number used to describe 

each sketch. Normal distribution was checked again, and a Mann-Whitney U Test was used to 

compare each group's total number of descriptor words because of non-normally distributed data.  

5 RESULTS 

The time to complete the design task was significantly different between groups. The control group 

spent more time designing (mean = 590 seconds (9.8 minutes), STD = 316 seconds) (t = 2.94, p = 

0.005) compared to the think-aloud group (mean = 348 seconds (5.8 minutes), STD = 183 seconds). 

This is illustrated in Figure 3. 

 

Figure 3: The think-aloud group spent significantly less time designing compared to the 
control group. 

The design sketches produced by the control group included significantly more words (statistic = 203, 

p = 0.05) than the think-aloud group. The average number of words from the control group was 31.7, 

but with large variability between participants (standard deviation was 34.4 words). The average 
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number of words from the think-aloud group was 14.9, with a standard deviation of 20.2. Figure 4 

includes an example design drawing from students in each group.  

 

Figure 4: Example design drawings from students in the think-aloud and control group 

The total number of words used to describe design ideas increased significantly (p < 0.001) for the 

think-aloud group from 14.9 words (standard deviation = 20.2) to 127.75 words (standard deviation = 

88.3) when first occurrence words were added. The total number of combined words verbalized and 

written, to describe their design ideas for the think-aloud group was significantly more (statistic = 

532.5, p < 0.001) compared to the number of words written by the control group. The think-aloud 

group used nearly four times as many descriptive words. 

Neurocognitive differences were also observed in sub-regions of the left and right dorsolateral 

prefrontal cortex. Differences in the right dorsolateral prefrontal cortex (PFC) were observed in 

Channel 2 (statistic=303, p = 0.016) and Channel 3 (statistic=316, p = 0.006), and in the left 

dorsolateral PFC, in Channel 35 (statistic=300, p = 0.02) (see Figure 2 for channel numbering). In all 

three channels, the think-aloud group elicited significantly greater mean oxy-Hb than the control. The 

patterns of neurocognitive activation in the PFC when designing between the two groups are 

illustrated in Figure 5. The circles in the Figure highlight the channel differences that were significant. 

A notable increase in oxy-Hb is also observed in the think-aloud group in the right orbitofrontal 

cortex, Channel 15. The difference in this channel was not significant (statistic=253, p = 0.27) across 

the entire design due to the large variance observed within the control group. However, differences in 

oxy-Hb were significantly greater in the think-aloud group during the second half of the design 

process (statistic=286, p = 0.05). In other words, the think-aloud group also elicited more oxy-Hb in 

the right orbitofrontal cortex in the second half of the design process.  

  

Figure 5: Brain activation while designing. Red indicates elevated levels of oxygenated 
hemoglobin (oxy-Hb), and blue indicates a decrease in oxy-Hb. The circles indicated the 

region with significantly different levels of oxy-Hb in channels representing the right and left 
dorsolateral prefrontal cortex between the think-aloud and control groups.  
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6 DISCUSSION 

Design students who were asked to think aloud spent significantly less time designing. They also 

included significantly fewer words in their design sketches. Less time designing and fewer descriptive 

words provide fewer observable data about students' design cognition and implies that thinking aloud 

negatively contributes to designing. However, when the words they verbalized were added to the 

words included in their sketches, the cumulative descriptions were significantly more than the control 

group – close to four times as many descriptive words. Thinking aloud changed how students 

communicated their designs and the time spent designing.  

Thinking aloud also led to a significant change in brain behavior. Thinking aloud altered brain 

behavior in the left and right dorsolateral prefrontal cortex throughout the design process and, as time 

progressed, also in the right orbitofrontal cortex. The DLPFC is often considered part of the "multiple 

demand system" (Hertrich et al., 2021), meaning activation in this region is observed with multiple 

cognitive tasks involving executive functions. It is known to play a role in the creative thinking 

process (Mihov et al., 2010), relational memory encoding (Blumenfeld et al., 2011), concept 

generation (Milovanovic et al., 2020; Shealy et al., 2017), task-relevant representations (Mars and 

Grol, 2007), and decision-making (Jamali et al., 2019). Hemispherical differences in the left and right 

DLPFC are often associated with different cognitive functions. For example, intuitive ideas are often 

associated with increased activation in the right DLPFC (Pisapia et al., 2016). The right DLPFC also 

plays a role when solving ill-structured design problems (Alexiou et al., 2011). The left DLPFC is 

often recruited for language-processing tasks (Hertrich et al., 2021).  

The increased brain activation in the left DLPFC corresponds with its role in the language processing 

(Hertrich et al., 2021). The increased activation in the right DLPFC may also be a result of the 

continued verbalization that occurs when thinking aloud. Design ideas generally peak early in the 

design process and decay over time (Viswanathan, 2017). As the design progressed, designers that 

were required to continue verbalizing their ideas had to work harder to develop new ideas to continue 

to verbalize aloud, and this increase in the production of ideas may be represented by the increased 

activation in the right DLPFC. This aligns with prior research findings that found an increase in 

activation in the right DLPFC corresponded with an increase in the number of design ideas 

engineering students generated (Hu, 2018).   

The right orbitofrontal cortex was the other region that was observed to increase in activation. This 

region is often associated with decision-making (Rolls et al., 2020). A possible explanation for this 

increase in activation is that thinking aloud required some level of judgment and decision-making 

about what to say and include in their design, which resulted in a build-up of oxy-Hb in this region 

over time.  

These observed changes in brain behavior point to an explanation of why thinking aloud led to a 

significant reduction in design time but more design ideas. The faster depletion of neurocognitive 

resources may have contributed to significantly less time designing. Designers in the think-aloud 

group said more and consumed more neurocognitive resources, indicated by the increase in oxy-Hb. 

Multi-Resource Theory asserts that the dual-task performance of designing and thinking aloud should 

not impede each other because verbalization and visuospatial reasoning occur in different portions of 

the brain (Basil, 2012; Wickens, 2008). Yet, the findings presented in this paper suggest a 

neurocognitive and cognitive effect. As more cognitive resources were consumed in the left and right 

DLPFC and right orbitofrontal cortex, fewer resources were available to complete both tasks. This led 

to a reduction in the time spent designing and an increase in the description of their design ideas.  

7 CONCLUSION 

Cognitive and neurocognitive differences during design were observed between students who were 

required to think aloud and those who were not asked to think aloud. Students thinking aloud spent 

less time designing, included fewer words in their design sketches, and consumed more 

neurocognitive resources during the design process, specifically in the left and right dorsolateral 

prefrontal cortex. This region of the prefrontal cortex is often associated with idea generation and 

language processing. The consumption of additional neurocognitive resources led to significantly 

greater verbalized words than those included in the design sketches from the control group. Thinking 

aloud while designing produces more than just a verbal description of design elements; it includes 

insight into the designer’s thought processes. The results from this study suggest that this type of 
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verbalization changes designers' brain behavior, eliciting an increase in neurocognitive resources, 

specifically in the regions of the brain often associated with language processing, idea production, and 

decision-making.  

Further research about the cognitive and neurocognitive effects of thinking aloud is needed. Mean 

oxy-Hb is only one measure of brain activation. The functional connectivity of brain regions, in other 

words, how regions function together, should be explored to understand how patterns of activation 

relate to one another. The temporal effects of thinking aloud also need more investigation. Differences 

were observed later in the design process, specifically in the right orbitofrontal cortex, a region often 

associated with making judgments and decisions, and this increased demand for neurocognitive 

resources both in the DLPFC and orbitofrontal cortex may have contributed to the significantly less 

time spent designing. Thinking aloud does influence design cognition and neurocognition, but these 

effects are only now becoming apparent. More research and the adoption of tools and techniques from 

neuroscience can help shed new light on these differences.   
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