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Abstract
Augmentative and alternative communication (AAC) techniques can provide access
to communication for individuals with severe physical impairments. Brain–computer interface (BCI) access techniques may serve alongside existing AAC access
methods to provide communication device control. However, there is limited information available about how individual perspectives change with motor-based BCIAAC learning. Four individuals with ALS completed 12 BCI-AAC training sessions in
which they made letter selections during an automatic row-column scanning pattern via a motor-based BCI-AAC. Recurring measures were taken before and after
each BCI-AAC training session to evaluate changes associated with BCI-AAC performance, and included measures of fatigue, frustration, mental effort, physical effort,
device satisfaction, and overall ease of device control. Levels of pre- to post-fatigue
were low for use of the BCI-AAC system. However, participants indicated different
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perceptions of the term fatigue, with three participants discussing fatigue to be generally synonymous with physical effort, and one mental effort. Satisfaction with the
BCI-AAC system was related to BCI-AAC performance for two participants, and levels of frustration for two participants. Considering a range of person-centered measures in future clinical BCI-AAC applications is important for optimizing and standardizing BCI-AAC assessment procedures.
Keywords: brain–computer interface, augmentative and alternative communication, perspectives, fatigue, amyotrophic lateral sclerosis, satisfaction

Augmentative and alternative communication (AAC) devices seek to
provide access to communication for a variety of individuals with heterogeneous cognitive-sensory-motor profiles, including those with
severe physical impairments due to diagnoses such as cerebral palsy
and amyotrophic lateral sclerosis (ALS). Communication access can
be achieved through a combination of both high (e.g., eye gaze access
to electronic device) and low technology (i.e., techniques not requiring an electronic device) access methods (Beukelman & Light, 2020).
Due to the large variety and level of cognitive-sensory motor strengths
presented by individuals with severe physical impairments who may
use AAC, there are some for whom current AAC access methods do
not adequately meet their complex communication needs. It is therefore important that research on the development of new AAC access
methods is conducted to bridge this gap and help ensure an efficient
and effective form of communication for all (Fager et al., 2019).
A new high technology-based AAC access for those with severe
physical impairments focuses on translating brain signals into communication device control. Noninvasive brain–computer interface access
methods for AAC (BCI-AAC) are currently in development and have the
potential to be viewed alongside existing AAC access methods as an
option for communication device control by those with severe physical
impairments (Brumberg et al., 2018). Noninvasive BCI-AAC techniques
commonly employ electroencephalography (EEG), which records brain
activity observable from the scalp using surface electrodes. Similar
to existing AAC access techniques, a range of BCI-AAC methods are
in development to provide communication device control, which can
broadly be categorized into those targeting brain signals associated
with sensory, or motor tasks. For instance, motor-based BCI-AAC techniques translate changes in brain activity associated with imagined
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or attempted target movements into communication device selections
(e.g., Vaughan et al., 2006). In more detail, when the brain is at rest,
neurons produce rhythmic and synchronized activity between 8 and
12 Hz known as the alpha rhythm (Pfurtscheller & Da Silva, 1999;
Pfurtscheller & Neuper, 2009), which is commonly termed the murhythm when measured over sensorimotor areas of the brain (Kuhlman, 1978). An important property of the mu-rhythm is its change in
power when the brain engages in processing information or performing physical or imagined motor tasks. Specifically, as neural synchronization decreases with attempted or imagined movements, then so
does the overall power in the mu frequency band (at rest, synchronization and mu power increase; Pfurtscheller & Da Silva, 1999). When
decreases in neural synchrony are due to an event (e.g., cued performance of a motor task), it is known as event related desynchronization
(Pfurtscheller & Da Silva, 1999), which can be traced back to a specific
event for translation into a computer command (e.g., select an item).
As research continues to advance in laboratory settings, recent efforts show an increasing focus on incorporating the perspectives of
individuals who may use BCI-AAC in design and implementation (e.g.,
Blain-Moraes et al., 2012; Geronimo et al., 2015; Huggins et al., 2011;
Pitt & Brumberg, 2018a; Peters et al., 2016; Pitt & Brumberg, 2020).
An ineffective user-to-device match can increase the likelihood of device abandonment (Johnson et al., 2006). Therefore, similar to usercentered design which focuses on the individual, and how designs can
meet the needs and requirements of target end users (Chavarriaga et
al., 2017; Kübler et al., 2014), in the clinical realm, feature matching
procedures for AAC consider an individual’s strengths, preferences,
barriers, and environment in relation to AAC access to help ensure
an individual is matched to the method most likely to support communication success (Beukelman & Light, 2020). For instance, AAC
abonnement is more likely if an individual is matched to an AAC system they find difficult to use or does not match their cognitive abilities (Johnson et al., 2006).
Both user-centered design and feature matching considerations for
BCI-AAC may be elucidated by understanding a user’s experience (also
known as “UX”) during BCI-AAC use. For instance, while measures of
speed and accuracy are still important for BCI-AAC development, other
factors related to the user experience (e.g., levels of effort, frustration,
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and satisfaction) may highlight important factors not clearly indicated
by more traditional performance measures. When considered in a feature-matching framework, the field of AAC and BCI can benefit from
understanding the experiences of individuals using BCI-AAC to help
identify the best match between an individual and a communication
device (Bircanin et al., 2019). For example, after a period of training
with different BCI-AAC systems that match the individual’s profile the
individual may wish to choose the system that potentially has lower
accuracy, but is associated with lower workloads, possibly raising levels of personal satisfaction (e.g., Peters et al., 2016). Furthermore,
evaluating the user experience may provide new direction for BCI-AAC
development by identifying important factors for overall BCI-AAC acceptance, such as decreasing levels of frustration (Lorenz et al., 2014).
To date, multiple tools for evaluating the user experience have been
developed, with user experience research being a common feature in
the field of human-computer interaction (see Kögel et al., 2019 for review). However, there is limited evaluation of end-user experience in
the field of BCI-AAC, with existing research primarily focusing on factors related to usability (e.g., workload and satisfaction) versus appeal (e.g., factors related to motivation and frustration; Lorenz et al.,
2014). Further, the majority of existing tools are not specifically designed to support the completion of individuals with severe physical
impairments in relation to their experience with BCI-AAC (Andresen
et al., 2016; Peters et al., 2016). Therefore, further work is needed to
understand how individuals experience the use of BCI-AAC systems.
Current user-centered research suggests individuals may find BCIAAC use effortful and fatiguing (Fager et al., 2019) possibly increasing the risk for BCI-AAC abandonment. However, the vast majority
of research that has obtained fatigue and effort feedback from individuals during BCI-AAC trainings focused on just a single paradigm,
the P300-based BCI-AAC (e.g., Blain-Moraes et al., 2012; Peters et al.,
2016). Therefore, as BCI-AAC devices include more than just P300based approaches, procedures must account for how one’s perception of BCI-AAC use may change not only during P300-based BCI-AAC
training sessions but for other BCI-AAC techniques. Considering an
individual’s experiences with a range of BCI-AAC techniques is important since not everyone may be best suited to the same type of approach (Pitt & Brumberg, 2018a), BCI-AAC (and AAC in general) are
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not a one-size-fits-all intervention, and ratings of factors such as mental effort may change between BCI-AAC techniques (Combaz et al.,
2013; Geronimo et al., 2015). Motor based-BCI-AAC paradigms may
especially benefit from understanding user perspectives given their
increased training times in comparison to P300-based BCI-AAC methods which are necessary for supporting motor learning (e.g., Mak &
Wolpaw, 2009).
Motor-based BCI-AAC learning is influenced by motivational factors for individuals without neurological impairments (Friedrich et al.,
2013) as well as those with ALS (Nijboer et al., 2010), with initial BCIAAC performance impacting an individual’s level of interest in learning BCI-AAC control (Geronimo et al., 2015). Furthermore, individuals may report high levels of exhaustion during early BCI-AAC training
(Friedrich et al., 2013), and some reports by individuals with ALS indicate frustration and dissatisfaction with motor-based BCI-AAC control during the early stages of motor learning (Nijboer et al., 2010),
which may negatively impact communication outcomes (Johnson et
al., 2006). Similar to motor learning of physical actions, it is likely
that an individual’s perception of motor-based BCI-AAC use may become more positive over time, as the individual learns BCI-AAC control
(Geronimo et al., 2015). Therefore, elucidating an individual’s evolving perspectives during BCI-AAC training may help inform clinical
guidelines regarding how to best match an individual to an BCI-AAC
device that is a good match in supporting their functional participation without being perceived as too difficult to use, especially during
early intervention periods. Furthermore, while measures of satisfaction are an important component in person-centered assessment and
intervention frameworks (Kübler et al., 2014; Peters et al., 2016), how
a full range of factors such as fatigue, effort, frustration, and performance impact an individual’s satisfaction with BCI-AAC use is currently unknown. Therefore, important considerations for BCI-AAC design, and potential strategies for tailoring intervention to maximize
learning and minimizing the potential for abandonment are unclear.
Thus, in the present study, we specifically examined how an individual’s unique perspective regarding fatigue, frustration, mental effort,
physical effort, overall effort and device satisfaction changed across
12 BCI-AAC training sessions in relation to BCI-AAC performance. We
expected to find decreasing ratings of fatigue, frustration, and effort,
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and improved ratings of satisfaction with increasing BCI-AAC performance. We further expected decreasing levels of fatigue, frustration,
and effort to be associated with increased levels of satisfaction.

Methods
The institutional review board at the University of Kansas approved
this study. All participants providing informed consent and were financially compensated. The BCI-AAC task used as the framework for
evaluating fatigue, frustration, mental effort, physical effort, and device satisfaction is described in detail in our prior work (Pitt & Brumberg, 2021). However, while Pitt and Brumberg (2021) discussed the
importance of initial assessment measures such as motor skills, cognition, fatigue, and motivation for predicting BCI-AAC performance,
here we describe how recurring measures that describe how the participants experience with BCI-AAC changed during their 12-session
training period. A summary of details from Pitt and Brumberg (2021)
regarding BCI-AAC training, and performance, important for understanding the full context of this investigation are given below.
The motor-based BCI-AAC system
During this investigation, participants made letter selections during
an automatic row-column scanning pattern from a 7 × 5 keyboard display, which included letters A–Z, space, and backspace, and participants were instructed to continue attempting to select the correct letter without using backspace for spelling errors. All BCI software was
implemented in Python with the display specifically implemented using the Kivy framework (kivy.org). Calibrated decoding model weights
were estimated using MATLAB, which were then stored and loaded
into Python implementations of the same model for real-time decoding. Event-related desynchronization occurred when participants
imagined or attempted a limb movement to signify an intent to select
some screen item currently highlighted in the visual display during an
automatic item scanning paradigm. The BCI-AAC then translated the
desynchronization into an actual selection command for interpretation by the BCI-AAC system (Pitt & Brumberg, 2021). EEG recording
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was collected using 62 active electrodes (g.HIAmp, g.tec) arranged according to the 10–10 standard (Oostenveld & Praamstra, 2001), with a
forehead ground and earlobe reference at a sampling rate of 256 Hz.
The BCI-AAC decoding framework used a regularized linear discriminant analysis algorithm with sensorimotor common spatial patterns
as decoding features (Lotte & Guan, 2010). The sensorimotor band was
tailored to each participant per session based on visual inspection of
the EEG power spectrum. The regularized common spatial patterns
and linear discriminant analysis decoder weights were optimized offline based on calibration data and then stored for real-time application during active BCI-AAC tasks. Calibration data was obtained at
the start of each session in order to train the decoder using 30 calibration trials for left-limb movement, right-limb movement and rest
and all data were aligned to a photodiode trigger signal at the start of
each trial. The final decoding model was based on either right versus
rest or left versus rest, according to highest area under the curve and
participant preference.
BCI-AAC training procedures
During real-time (online) BCI-AAC control, participants copy spelled
words by making letter selections during an automatic row-column
scanning pattern using the calibrated BCI-AAC decoder. In this clinically based AAC paradigm, a selection box sequentially highlights each
possible row while the individual is at rest with row selection occurring when the BCI-AAC detects event-related desynchronization associated with a motor action. Items were highlighted for a 2 second
duration with an interstimulus duration of 1 second. Following row
selection, each letter within the selected row is sequentially highlighted until the individual again performs the target motor action to
select the highlighted letter. Visual feedback was provided to participants in the form of a circle/ellipse, which was overlaid on the current item. The circle became smaller in size as the BCI-AAC algorithm
became more confident in predicting a “select” command and became
bigger as confidence decreased. Participants 1, 2 and 4 were all able to
sit normally in either a chair in the laboratory sound booth recording
area, or at a chair in their home. In these cases, the computer monitor
was positioned appropriately for desktop use. Participant 3 completed
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the study in a recliner in her home. In this case, we used a combination of recliner elevation and positioning of a rolling desk, with height
and angle adjustments, to ensure the screen was visible. We additionally used a neck support to provide some relief for electrodes placed
on the back of the head.
Participants completed 12 BCI-AAC training sessions, with each including approximately 300 real-time control trials which included all
row/column selection opportunities, including classification of selection versus rest. Due to the additional time required for EEG and
BCI-AAC set-up procedures and calibration, real-time data collection
lasted approximately 20 minutes to allow time for completion of all
study procedures and provide consistency between training sessions
regarding duration of online BCI-AAC use. Overall session duration
was not limited. Due to difficulties with traveling, participants A3 and
A4 completed BCI-AAC training sessions in a quiet room within their
home setting. In contrast, A1 and A2 completed training sessions in
the laboratory (i.e., an electrically shielded booth, with the door open
to allow for communication with the participant throughout the BCIAAC session). Participants A1, A2, and A4 completed training sessions
approximately twice per week, with A3 completing training once per
week. All participants were able to perform a motor movement for
BCI-AAC control, with P1, P2, and P3 using an upper limb movement,
and P4 a lower limb movement, see Pitt and Brumberg (2021) for further details.
Participants
Four individuals with a diagnosis of ALS (participants A1-A4, ages 38–
64, mean 52 years, two females, all right-handed) completed recurring number scale measures evaluating their perspectives of fatigue,
satisfaction, mental effort and physical effort during BCI-AAC training. A summary of participant information is provided in Table 1, with
scores from the ALS Cognitive Behavioral Screen (ALS-CBS; Woolley et
al., 2010), the cognitive and motor portions of the BCI-AAC screener
from Pitt and Brumberg (2020), and the ALS-Functional Rating Scale
(ALS-FRS; Cedarbaum & Stambler, 1997) completed by each participant before the first session. Participants did not demonstrate or report any vision or hearing impairment that may impair BCI-AAC use
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Table 1. Participant information.
Participant 			
Number
Diagnosis
Sex

Age
(years)

ALS- ALS- BCI screener:
CBS FRS Cognitive

BCI screener:
Motor

A1
A2
A3
A4

64
38
48
57

15
19
19
14

No motor impairment.
Limited range of motion. Ambulatory with assistance.
Non-ambulatory, minimal movement of legs and thighs.
Ambulatory without assistance, limited fine motor control.

Bulbar ALS
Spinal ALS
Spinal ALS
Spinal ALS

F
M
F
M

33
34
15
26

22
22
24
24

Information for individuals with ALS including total cognitive scores from 1) the ALS-CBS (maximum score of 20, with scores below
17 being indicative of concern for cognitive impairment; (Woolley, 2014), 2) the ALS-FRS (maximum score of 40 with lower scores
indicating increased motor impairment), and 3) total cognitive scores (maximum score of 24) and descriptive motor results from
the BCI-AAC screener.

and were without oculomotor impairment. All participants were able
to respond verbally to question prompts and used speech as their primary communication method. However, A3 used an eye-gaze AAC device to support access social media and communication as needed.
Further, participant A4 had recently purchased a knee switch for AAC
access but had not yet begun training. Participants A1 and A2 did not
use AAC technology.
Recurring number scale measures of participant perspectives and
satisfaction
The participant feedback questionnaire (available in supplementary
material A) was adapted from Peters et al. (2016). Specifically, a question on fatigue was added since individuals may experience fatigue
during BCI-AAC use (Fager et al., 2019). Further, the number of questions was reduced to facilitate the collection of repeated measures.
Finally, our feedback questionnaire utilized a 9-point number scale.
Nine-point number scales are commonly used in assessing user experiences (Peters et al., 2016). However, while future research is needed,
the 7-point number scale used by Peters et al. (2016) may have reduced effort in completion. During administration, verbal, and visual
support (i.e., a printed version of the questionnaire that was readable
by the participant) was provided. Further, during completion the examiner requested confirmation that recorded answers were accurate.
The feedback questionnaire was taken directly prior to (for fatigue
only) and following (for all measures) each BCI-AAC training session
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to track changes associated with BCI-AAC learning. The questionnaire
included measures of:
(1) Fatigue: A 9-point scale to ascertain the level of fatigue associated with BCI-AAC control before and after each session with
1 indicating “normal fatigue,” through 9 indicating “extremely
fatigued.” Pre- to post-fatigue use was calculated by subtracting post-session fatigue ratings from pre-session fatigue ratings. Participants were also asked how they define the term fatigue to provide further insight into participant responses. All
participants were able to complete this task verbally.
(2) Device Satisfaction: BCI-AAC device satisfaction was evaluated
via a 9-point number scale with 1 indicating “very unsatisfied,”
through 9 “very satisfied.”
(3) Frustration: Frustration controlling the BCI-AAC was evaluated
via 9-point number scale with 1 indicating “very low,” through
9 “very high”.
(4) Physical and mental effort: Physical and mental effort associated with the BCI-AAC control were evaluated via 9-point number scale with 1 indicating “very low,” through 9 “very high.”
(5) Overall levels of effort: Overall level of effort (i.e., “how hard”
they had to work), was evaluated via 9-point number scale of 1
indicating “very easy,” through 9 “very hard.”
Based upon the procedures of Nijboer et al. (2010), we used a Spearman’s rank order correlation to identify the unique perspectives of our
participants during BCI-AAC training. The Spearman’s rank order correlation was calculated within each participant to evaluate the relationship between each participant’s number scale measures and BCIAAC task performance for each of their 12 training sessions.
BCI-AAC performance
BCI-AAC performance was calculated via Cohen’s Kappa using successes and failures for each selection opportunity compared to user
intention (e.g., making a selection when needed, refraining from a
selection when appropriate). Cohen’s Kappa represents both the true
positive rate (i.e., the BCI-AAC made a selection when the individual
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intended for the BCI-AAC to make a selection) and true negative rates
(i.e., the BCI-AAC allowed the display to continue scanning through
the items, and no selections were made while the participant was
at rest), weighted by both true rates (positive and negative) and the
false- positive rate (i.e., the BCI-AAC made a selection when the individual did not intend for the BCI-AAC to make a selection), and falsenegative rates (i.e., the BCI-AAC did not make a selection when the
individual tried to activate the system). A Cohen’s Kappa value of 0
to 0.20 indicates no to slight agreement between the BCI-AAC output
and user intention, 0.21 to 0.4 as fair agreement, 0.41 to 0.6 as moderate agreement, 0.61 to 0.8 as substantial agreement and .81 to 1 as
almost perfect agreement (e.g., McHugh, 2012). In the current scanning paradigm participants are required to wait for items to be automatically highlighted before making infrequent selections, which
skews traditional measures (e.g., percent classification accuracy) toward nonselection tasks. Therefore, Cohen’s Kappa was utilized for
tracking BCI-AAC learning as the metric reflects both true negative
and true positive rates (Pitt & Brumberg, 2021).

Results
Pertinent data regarding BCI-AAC performance results and learning
trajectories are provided in Table 2 and Figures 1–4. Detailed BCIAAC performance results are presented in Pitt and Brumberg (2021).
In summary, participants A1 (Kappa = 0.333; fair agreement) and A4
(Kappa = .199; no to slight agreement) achieved higher levels of BCIAAC performance in comparison to A2 (Kappa = 0.139; no to slight
agreement) and A3 (Kappa = 0.01; below chance levels). The learning trajectory of A4 was associated with the largest slope (0.0347).
Recurring measures
Individual ratings for each session provided in supplemental material B. For clarity, the section below identifies only significant results,
with summary statistics and significance for others measures in relation to BCI-AAC performance and satisfaction provided in Table 3. As
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Table 2. BCI-AAC performance results for participants 1 to 4.
Participant Mean

SD

Range

Learning
slope

1

Description of performance
and notable 95% confidence intervals

0.333
0.151
0.020–0.544
0.0023
(fair 		
(no to slight–		
agreement)
moderate
			
agreement)		
					
					

She had a relatively flat learning trajectory after    
rapidly increasing BCI-AAC performance
between sessions 1 and 2. Her 95% confidence
interval range extended into the range of
substantial agreement for sessions 6 (0.641)
and 7 (0.651)

2

Overall, his performance was very variable.
His 95% confidence interval range extended
into the range of moderate agreement
for sessions 1 (0.438) and 4 (0.551).

0.139
.117
(no to slight
agreement)		
			

−.051– 0.340
0.0033
(below chance–
moderate 		
agreement)		

3

−0.01
.096
−.017– 0.13
0.0155
(below
(below chance  
chance
–no to slight
levels) 		
agreement)		
				

Although her performance varied, her learning
trajectory began at session 3. A correlation
approached but did not reach significance  
between session number and performance
(rs(10) = .517, p = .085).

4

His learning trajectory began at session 3–4,
session number positively correlating to BCI-AAC
performance (rs(10) = .699, p <.05). Upper levels
with of moderate agreement were recorded for
the 95% confidence intervals of sessions 10 (.511)
and 11 (.591). He had the largest slope
associated with his BCI-AAC learning trajectory.

.199
.177
(no to slight 		
agreement)		
			

−0.05–0.47  
0.0347
(below chance 		
–no to 		
moderate 		
agreement)
					

BCI-AAC performance results for Participants 1 to 4, indicating Kappa mean, standard deviation (SD), range, and slope of
their participants learning trajectory over 12 sessions, along with a brief performance description. Further information can
be found in Pitt and Brumberg (2021).

each participant demonstrated a unique learning trajectory (Table 2),
the following results parallel the procedures of Nijboer et al. (2010)
using within-subject analysis to elucidate specific user experiences.
Recurring measures in relation to BCI-AAC performance
Correlations between BCI-AAC accuracy and satisfaction were statistically significant and positive for participant A1 (rs(10) = .651, p
<.05; Figure 1) and A3 (rs(10) = .715, p <.05; Figure 2).
Recurring measures in relation to satisfaction
Correlations between BCI-AAC satisfaction ratings and frustration
with device control were statistically significant and negative for A2
(rs(10) = −.841, p <.05; Figure 3), and A4 (rs (10) = −.702, p <.05;
Figure 4).
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Figure 1. BCI-AAC performance for A1, with 95% confidence intervals shown in the
shaded blue area (top), along with number scale ratings of satisfaction and frustration with device control (bottom). A significant correlation was identified between
BCI-AAC accuracy and satisfaction.

Definitions of fatigue
Participants A1, A2, and A4 reported that they defined the term fatigue and physical effort generously synonymously. For instance, A4
reported he would define something as highly fatiguing if he ached
the next day (e.g., after mowing the grass). However, in contrast, A3
reported that she defined the term fatigue and mental effort generously synonymously (e.g., fatigue after taking an exam).
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Figure 2. BCI-AAC performance for A3, with 95% confidence intervals shown in the
shaded blue area (top), along with number scale ratings of satisfaction and frustration with device control (bottom). A significant correlation was identified between
BCI-AAC accuracy and satisfaction.

Discussion
Traditionally BCI-AAC intervention studies have largely focused on
accuracy-based performance outcomes (Pitt et al., 2019). While these
BCI-AAC paradigms and outcome measures are important for BCI-AAC
development and laying the foundation for BCI-AAC development and
the transition of BCI-AAC into clinical practice, it is important to consider person-centered, intrinsic (as well as extrinsic) factors that may
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Figure 3. BCI-AAC performance for A2, with 95% confidence intervals shown in the
shaded blue area (top), along with number scale ratings of satisfaction and frustration with device control (bottom). A significant correlation was identified between
BCI-AAC frustration and satisfaction.

affect BCI-AAC outcomes in ways not easily quantified by traditional
measures. In our study, we build upon past work supporting incorporation of participant feedback on BCI-AAC paradigms and designs and
focus specifically on intrinsic, person-centered factors such as satisfaction, levels of frustration and multiple measures of effort (e.g., mental and physical effort), and explore individuals’ definition of fatigue
to aid interpretation of accuracy-based outcomes to identify factors
influencing BCI-AAC performance and satisfaction.
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Figure 4. BCI-AAC performance for A4, with 95% confidence intervals shown in the
shaded blue area (top), along with number scale ratings of satisfaction and frustration with device control (bottom). A significant correlation was identified between
BCI-AAC frustration and satisfaction.

Relationships Between Recurring Measures and BCI-AAC
Performance
The range of number scale ratings provided between participants indicates they all had different experiences with the same BCI- AAC system. Therefore, these varying perceptions continue to highlight their
importance of considering the user experience in BCI-AAC development, along with the creation of feature matching procedures to help
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Table 3. Summary statistics.
Participant/area
Mean
		

Standard
Range
Deviation 		

Significance:
Performance

A1: Fatigue-Pre
A2: Fatigue-Pre
A3: Fatigue-Pre
A4: Fatigue-Pre
A1: Fatigue: Pre-Post
A2: Fatigue: Pre-Post
A3: Fatigue: Pre-Post
A4: Fatigue: Pre-Post
A1: Satisfaction
A2: Satisfaction
A3: Satisfaction
A4: Satisfaction
A1: Frustration

1.66
1.56
1.63
1.38
1.31
1.31
2.11
1.22
.985
1.82
1.73
.866
1.36

p = .212
p = .102
p = .365
p = .208

A2: Frustration
A3: Frustration
A4: Frustration
A1: Mental Effort
A2: Mental Effort
A3: Mental Effort
A4: Mental Effort
A1: Physical Effort
A2: Physical Effort
A3: Physical Effort
A4: Physical Effort
A1: Overall Hardness
A2: Overall Hardness
A3: Overall Hardness
A4: Overall Hardness

3.75
2.67
3.88
5.49
−1.08
0.417
1.29
0.75
7.33
6.75
5.08
7.25
3.25

5.25
6.08
4.17
6.17
6.92
7
5.17
1.42
4.25
5.08
2.25
4.58
6.17
6.5
3.42

1.76
1.16
1.85
1.34
1.16
1.35
1.85
0.669
1.42
1.68
.622
1.73
1.34
1.24
1.31

1–6
1–5
1–7.5
2–7
−4-1
−2-2
−1-6
−1-2
5–9
4–9
2–7
6–9
1–5

2–8
4–8
2–7
3–8
4–8
5–9
1–7
1–3
2–6
1–7
1–3
2–8
4–7
4–9
2–6

*p <.05
p = .245
*p <.05
p =.674
p = .877
p = .452
p = .463
p = .097
p = .115
p = .116
p = .394
p = .181
p = .795
p = .344
p = .734
p = .621
p = .974
p = .530
p = .658
p = .751

Significance:
Satisfaction

p = .221
p = .586
p = .207
p = .184

p = .736
*p <.05
p = .142
*p <.05
p = .252
p = .7
p = .459
p = .371
p = .153
p = .284
p = .877
p = .068
p = .703
p = .469
p = .7
p = .392

Summary statistics for number scale measures in relation to BCI-AAC performance and satisfaction. Items
of statistical significance marked with a * in bold.

ensure individuals are matched to a device that is most likely to support communication success. All participants gave their highest ratings for BCI-AAC use in the area of mental effort with average scores
bordering and reaching fairly high for participants A2 (6.92), and A3
(7). While it is unclear whether ratings of mental effort would have
decreased for these participants with improved levels of BCI-AAC control, in a feature matching context, these high levels of mental effort
may indicate that testing with a different BCI-AAC devices may be
warranted to explore the impacts of other BCI-AAC systems on their
experience and device preferences. In comparison, the lowest average
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score for mental effort was indicated by A4 (5.17; neutral) who had
the largest slope associated with his BCI-AAC learning trajectory. In
addition, while non-significant, our study findings demonstrated a
negative trend between mental effort ratings and BCI-AAC performance (rs =−.478 to −.479) for participants A1 and A2. Associations
between decreased mental effort and improving levels of BCI-AAC
performance have been reported previously (e.g., Witte et al., 2013).
Therefore, taken together, further research exploring the factors contributing to increased ratings of mental effort, and strategies to reduce
mental effort (e.g., helping individuals to not overthink BCI-AAC motor learning) may help to lower individuals’ perceived effort with use
their BCI-AAC system and improve performance, which may also ultimately contribute toward improving BCI-AAC acceptance.
Fatigue is also an important consideration during BCI-AAC assessment and training that may impact attention (Boksem et al., 2005) and
vigilance (Oken et al., 2018), possibly decreasing EEG signal changes
(and thus signal-to-noise ratios) needed to detect event-related desynchronization (Kasahara et al., 2012) and thus decreasing motorbased BCI-AAC performance. However, our study revealed that how
we incorporate fatigue ratings into tools evaluating the individuals
BCI-AAC experience may be complex and individualized, requiring
further consideration for its appropriate use. Based on previous reports that BCI-AAC control requires high levels of effort (e.g., Chavarriaga et al., 2017), we expected that pre- to post-fatigue ratings
would be high for the present BCI-AAC control paradigm. However,
surprisingly, while average ratings of mental effort across participants
ranged from neutral (5) to fairly high (7), average pre- to post-fatigue
ratings were very low, ranging from −1 to 1. Negative pre- to post-fatigue ratings indicate a perception of less fatigue following BCI-AAC
use, possibly due to participation in an engaging activity, which was
corroborated by participant A3 in particular. Furthermore, differences
between mental effort and pre- to post-fatigue ratings may be due to
participants’ definition of the term fatigue, which may possibly be influenced by neuromotor impairment severity. More specifically, three
participants indicated the term fatigue better reflects physical effort,
which was generally low for this BCI-AAC system. However, A3, indicated that she uses the term in a manner generally synonymous with
mental effort, possibly due to her greater impairment severity and
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limited physical movement. Therefore, it is important that future BCIAAC training sessions provide sufficient options for rating effort (e.g.,
mental effort, physical effort) and consider how each participant defines fatigue to allow for individualized and precise ratings of person-centered factors associated with BCI-AAC use. For instance, if fatigue is reported high and was associated with relatively low BCI-AAC
performance, it is not possible to assume that reducing mental effort
needed to control the BCI-AAC will improve performance. In fact, for
individuals who relate fatigue to physical rather than mental effort,
some other BCI-AAC adaptation may be needed to improve BCI-AAC
performance and acceptance.
Factors that impact satisfaction with the BCI-AAC system
The results of our study suggest factors that influence satisfaction
with the present motor-based BCI-AAC system are mixed. Overall,
participants A1 and A4 who achieved higher levels of BCI-AAC performance in comparison to A2 and A3 provided higher mean ratings
for satisfaction (A1 = 7.33, A4 = 7.25, A2 = 6.75, A3 = 5.08). However,
looking in further detail, satisfaction ratings were positively correlated with performance for participants A1 and A3 but were primarily
driven by levels of frustration for participants A2 and A4. Satisfaction
for participant A4 may also have been related to physical effort, with
correlations approaching significance (p = .068). Individual adaptions
in factors such as rate and signal processing were not implemented
to allow for fair comparisons across participants. Therefore, overall
satisfaction scores may have been increased through personalization.
Alongside Lorenz et al. (2014), these findings continue to support that
evaluations of the user experience should include a holistic approach
considering factors related to both usability (i.e., pragmatic factors)
and appeal (i.e. hedonic factors). Therefore, based on study findings,
future BCI-AAC research and intervention paradigms are encouraged
to include outcome measures such as frustration and physical effort
ratings, to help provide person-centered context on participant satisfaction with BCI-AAC technology and how that reflects on traditional
performance measures.
Through understanding factors behind BCI-AAC satisfaction and acceptance, BCI-AAC research may seek to optimize training strategies,
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bring BCI-AAC research further in line with existing clinical practices
helping to decrease abandonment issues, and inform future research
directions in BCI-AAC development. For instance, studies that evaluate individuals’ experiences with BCI-AAC use, both initially and over
time, may help prepare clinicians to set realistic expectations during BCI-AAC training. Through setting realistic expectations for BCIAAC performance and the associated levels of effort, satisfaction, and
fatigue, the AAC team may help lower levels of frustration associated with BCI-AAC, helping increase device acceptance (Johnson et al.,
2006; Moorcroft et al., 2019). Furthermore, BCI-AAC performance can
be highly variable both between and within participants (Ahn & Jun,
2015; Pitt & Brumberg, 2021), and it is plausible that inconsistent performance outcomes may impact frustration levels. Therefore, in addition to identifying how person-centered strengths impact BCI-AAC
outcomes, user-centered BCI-AAC development, and feature matching procedures may be supported by identifying how person-centered
characteristics are associated with performance variability. Understanding variability may further help clinicians set realistic expectations regarding BCI-AAC learning while also helping inform BCI-AAC
development by identifying factors beyond the control of engineering solution.

Limitations and future directions
The results of our study highlighted multiple factors for consideration in understanding individuals’ perceptions of motor-based BCIAAC during training. However, further research is needed with larger
sample sizes to corroborate these findings and develop clinically based
standardized guidelines for obtaining feedback from individuals during BCI-AAC training. In addition, further work is needed to elucidate a
full range of user-centered factors that are in supporting BCI-AAC success and generalize these findings to 1) other types of BCI-AAC systems
(e.g., P300, steady state visual evoked potential), and 2) other adult
populations with severe physical impairments (e.g., locked in syndrome, spinal cord injury), in addition to children with severe physical impairments, who may have different communication wants and
needs in comparison to adult populations. Individuals participating in
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this study did not utilize AAC as their primary communication method,
with only A3 using an eye-gaze-based system for social media and
communication support. Therefore, how individuals’ experiences differed between use of the BCI-AAC system, and their current device are
unclear, and require further exploration. Further, the user experience
was based on a 20-minute period of real-time BCI-AAC use per session. Therefore, how discussed factors change during extended BCIAAC control tasks may also help elucidate more real-life user experiences with BCI-AAC control.
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Supplementary Material A. Number scale ratings of participant perspectives.
Fatigue
1a. Please rate your current level of fatigue (prior to BCI-AAC use) using the scales below
Normal

1

Mild

2

3

High

Moderate

4

5

6

7

Extremely fatigued

8

9

1b. Following today’s free spelling tasks, indicate your level of fatigue on a scale of 1 – 9, 9
being extremely fatigued, to 1 being normal
Normal

1

Moderate

Mild

2

3

4

5

High

6

Extremely fatigued

7

8

9

1c. Post minus pre free spelling ratings of fatigue: ______
1d. How would you define fatigue?
Device Satisfaction
1. Following today’s spelling tasks, how satisfied are you with this BCI-AAC system?
Mildly unsatisfied

Very unsatisfied

1

2

3

4

Neutral

5

Mildly satisfied

6

7

Very satisfied

8

9

2. During today’s spelling tasks, what level of frustration did you experience with using the
BCI?

Very low

1

Neutral

Fairly low

2

3

4

5

Very high

Fairly high

6

7

8

9
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3. During today’s spelling tasks, how much physical effort was required to operate the BCI?

Very low

1

Neutral

Fairly low

2

3

4

5

Very high

Fairly high

6

7

8

9

4. During today’s spelling tasks, how much mental effort or concentration was required to
operate the BCI?

Very low

1

Neutral

Fairly low

2

3

4

5

Very high

Fairly high

6

7

8

9

5. Overall how hard did you have to work to complete todays spelling tasks?

Very easy

1

Neutral

Fairly easy

2

3

4

5

Very hard

Fairly hard

6

7

8

9

2

Supplemental Material B. Recurring number scale ratings for each participant and evaluation
area across the 12 BCI-AAC training sessions (S1-S12).
Participant/area S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

6

3

6

5

5

4

1

4

3

4

3

1

2

2

5

3

5

3

1

3

1

3

2

2

-4

-1

-1

-2

0

-1

0

-1

-2

-1

-1

1

2

2

4

5

4

5

2

5

3

3

1

3

5

9

7

7

7

8

8

7

8

7

7

8

7

7

8

6

7

3

5

6

7

7

6

5

1

1

2

3

1

1

1

1

1

2

2

1

8

4

3

5

2

6

5

5

5

2

4

6

1

1

1

3

4

1

2

5

3

2

4

5

3

2

1

3

6

3

3

3

4

1

5

5

A1: FatiguePre
A1: FatiguePost
A1: Fatiguewithin
A1: Frustration
A1:
Satisfaction
A1: Mental
Effort
A1: Physical
Effort
A1: Overall
Hardness
A2: FatiguePre
A2: FatiguePost

Information Classification: General
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A2: Fatigue2

1

0

0

2

2

1

-2

-1

-1

1

0

6

6

5

5

6

3

3

2

7

6

6

8

8

7

7

9

7

8

8

9

4

5

5

4

8

8

7

7

7

8

6

4

7

6

8

7

5

5

2

3

5

6

3

3

6

3

6

4

7

7

6

7

7

7

4

4

7

4

7

7

4

3

5

4

2

1

4

7.5

4

5

3

4

6

4

4

5

7

7

4

8

4

5

4

4

2

1

-1

1

5

6

0

5

0

0

1

0

6

6

7

4

7

8

5

6

7

5

7

5

7

3

6

5

6

2

7

3

5

6

4

7

8

9

9

8

8

6

6

5

6

6

6

7

within
A2: Frustration
A2:
Satisfaction
A2: Mental
Effort
A2: Physical
Effort
A2: Overall
Hardness
A3: FatiguePre
A3: FatiguePost
A3: Fatiguewithin
A3: Frustration
A3:
Satisfaction
A3: Mental
Effort

2
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A3: Physical
1

3

6

7

6

6

5

5

5

5

5

7

6

9

7

7

8

6

6

4

6

6

6

7

4

3

5

4

2

5

7

5

4

4

6

6

3

3

7

5

4

6

8

7

6

3

5

7

-1

0

2

1

2

1

1

2

2

-1

-1

1

7

5

6

3

5

2

2

6

6

2

3

3

7

7

6

8

7

9

7

7

6

8

7

8

6

4

4

7

4

6

1

4

7

7

7

5

2

2

3

2

2

1

2

3

3

3

2

2

3

2

5

4

2

3

2

5

6

3

3

3

Effort
A3: Overall
Hardness
A4: FatiguePre
A4: FatiguePost
A4: Fatiguewithin
A4: Frustration
A4:
Satisfaction
A4: Mental
Effort
A4: Physical
Effort
A4: Overall
Hardness

3

