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W N e

Abstract: Reading comprehension is an essential skill. It is unclear whether and to what degree
typography and font personalization may impact reading comprehension in younger readers. With
advancements in technology, it is now feasible to personalize digital reading formats in general tech-
nology tools, but this feature is not yet available for many educational tools. The current study aimed
to investigate the effect of character width and inter-letter spacing on reading speed and comprehen-
sion. We enrolled 94 children (kindergarten—8th grade) and compared performance with six font
variations on a word-level semantic decision task (Experiment 1) and a passage-level comprehension
task (Experiment 2). Reading speed and comprehension were analyzed using generalized linear
mixed-effects regression models. Independent samples t-tests compared speed and comprehension
accuracy on personal best vs. worst font variation. A stability analysis was conducted to determine
if participants had a stable personal best font variation within Experiment 1. The Experiment 1
stability analysis was statistically significant, and 58% of participants had a stable personal best font
variation. Personal best font variations yielded significantly higher comprehension accuracy in both
Experiments 1 and 2 and faster reading in Experiment 2. Using digital technology to personalize font
may have important implications for school-aged readers.

Keywords: reading comprehension; readability; typography

1. Introduction

Reading comprehension, the ability to successfully extract information from text, is
a critical skill, yet many students struggle to learn to read across many countries [1]. In
the United States, only 35% of 4th graders and 34% of 8th graders read at or above a
grade-proficient level [2]. Reading comprehension is vital, complex, and difficult for many
students. It is therefore important to gain a fundamental understanding of the factors that
influence how well individual students can comprehend the material they read.

Children are growing up in a digital world and are often introduced to electronic
books via computers and/or tablets when they are developing literacy skills [3]. Compared
to print books, ebooks often provide additional features such as hyperlinks and video
clips, which can provide a great benefit to students but can also sometimes be distracting
to young readers [4]. However, one unique advantage of ebooks is the opportunity to
support students who are learning to read by personalizing their learning experiences. User
interfaces can be customized to meet the individual needs of students [5,6] by customizing
content, resources, and visual displays [7]. One important element that can potentially
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be personalized is the visual features of a font by changing the font family (e.g., Arial vs.
Times New Roman) or specific features such as letter height or width, inter-letter spacing,
or stroke weight. If font personalization can improve reading speed and/or comprehension
in young readers, it will be important for education technology companies to develop
technology that will allow readers to customize fonts across all of their devices.

1.1. Reading Comprehension Steps

Reading and comprehending even a single word is a complex multi-step process.
According to most current theories, word recognition involves prelexical processes as well
as lexical and sublexical processes (Figure 1). For example, Caramazza and Hillis describe a
process involving a progression from the generation of a feature map representing low-level
visual features to a stimulus-centered letter shape map to word-centered abstract letter
identities. Letter identification occurs when transitioning from the character shape level to
abstract letter identities. These prelexical processes feed into a dual-route mechanism con-
sisting of a lexical route where skilled readers recognize words by sight and subsequently
access word meaning and a sublexical route where the reader uses decoding to sound out
the word [8-10].

Reading comprehension at the sentence and paragraph levels is even more complex.
In addition to recognizing letters and decoding or recognizing words and mapping those
words onto the correct semantic object at the word level, at the paragraph level, readers
must also comprehend syntax, infer information using appropriate background knowledge,
and integrate information from the text with background knowledge to fully comprehend
the intended meaning [11,12].
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Figure 1. Single-word Reading Model.
1.2. Factors That Influence Reading

A wide variety of student factors influence reading skill development, including
executive functions such as working memory [13-17], linguistic factors such as vocabulary
knowledge [18-22], as well as socioeconomic factors such as parent education [23,24].

Some student factors are amenable to intervention. For example, interventions that
improve working memory [25,26] and phonological awareness [27] have been associated
with improved reading comprehension for some students. However, training specific



Educ. Sci. 2023, 13, 864

30f26

skills (e.g., morphological processing, phonological processing) does not always result in
improved reading comprehension [28,29].

Personal student factors are critical but can be quite difficult to change. Therefore, it is
important to study more readily malleable factors to understand if they have a positive
impact on reading comprehension. Typographical properties, such as the size, character
width, inter-letter spacing, and stroke weight of font, are such possible factors; they can be
changed with relative ease when reading on a digital device or computer. However, it is
unclear to what extent typography can directly impact reading comprehension.

1.3. Typography Research in Adults

If we ultimately find that typographical factors do influence reading comprehension, it
is likely that they primarily influence pre-lexical processes (Figure 1), which make decoding
and sight recognition less demanding. Emerging research has shown that typographic
factors such as inter-letter spacing and character width can influence reading, particularly
letter recognition [30], decoding, speed [31-33], and fluency [34]. For example, Sawyer
et al. [35] found that performance on a lexical decision task improved with wider com-
pared to narrower letters. Similarly, Oderkerk and Beier [30] compared the speed of letter
recognition in three variations (narrow, standard, and wide letters) of the font family Hel-
vetica Neue in a group of healthy adults with normal vision. They found that the speed
of recognition was fastest with wide letters and slowest with narrow letters both when
letters were presented in the parafoveal and peripheral regions. Wider letters, as well as
increased inter-letter spacing, have further been demonstrated to improve reading acuity
for individuals with low vision due to age-related macular degeneration [31].

Increased inter-letter spacing also appears to improve reading speed in adults, but
only up to a point as reading speed either plateaus or declines when too much spacing is
introduced [33,36,37]. It is possible that both wider letters and greater inter-letter spacing
are helpful for reducing crowding effects. Visual crowding refers to difficulty viewing
a target when it is presented with neighboring objects. For example, a participant may
have no difficulty recognizing the letter ‘N’ in isolation but may have more difficulty
recognizing the same letter when presented with neighboring letters (e.g., “XNB”) [38,39].
While increased spacing can reduce crowding effects, it also inherently results in text
being presented away from central vision (midline), where visual letter recognition is most
accurate, which likely explains why additional spacing is not helpful after it has reached
a critical point [33]. Van Overschelde and Healy [40] also found that when comparing
standard vs. extreme letter spacing, both word identification and reading speed declined
with the extreme letter spacing. Comprehension was not impacted. It is likely that making
subtle changes to font formats improves reading speed and fluency in adults by simplifying
prelexical processes (Figure 1). However, it is unclear whether changing font format can
have the added benefit of improving reading comprehension in readers of any age.

1.4. Typography Research in Children

Children’s books and other forms of written content tend to use larger fonts with
more spacing for younger readers to improve legibility for children learning to read, which
gradually decreases in size in texts for older children [41,42]. While this is common practice
in children’s books, it is not based on empirical research. Research findings, conducted
predominantly with adult participants, will not necessarily be replicated in younger readers
as the development of the visual perceptual system typically peaks in late adolescence [43].
Also, as children develop reading skills, they transition from “learning to read” to “reading
to learn” [44]; thus, font format may have a different effect on younger children compared
to older children and adolescents.

Some studies have investigated the effect of font format on reading speed and fluency
in children. For example, Perea and colleagues [45] investigated whether adding slight
inter-letter spacing improved word identification on a lexical decision task and a continuous
reading task. They enrolled a group of typical adult readers, a group of typically developing
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2nd and 4th graders, and a group of children with developmental dyslexia. A small increase
in inter-letter spacing yielded faster word identification in all three groups of participants.
The group of children with dyslexia also showed significantly faster reading times in a
continuous reading task.

Hughes and Wilkins [41] investigated inter-word spacing and font size (x-height) in
a group of children 5-10 years of age. They found that reading speed was decreased in
younger children (ages 5-7 years) as font size and inter-word spacing decreased, but font
size did not impact reading speed in older children (8-11 years). These results demonstrate
that typographic features may have a different influence on younger vs. older children.
Fewer studies have investigated the impact of typography on reading comprehension in
children. However, Wilkins et al. [42] investigated how letter shape impacted reading
speed and comprehension by comparing text set in the Sassoon Primary font to text
set in the traditional sans serif Verdana font. Reading speed was significantly faster
in Verdana than in the script Sassoon Primary font and comprehension was unaffected.
Similarly, Luniewska and colleagues [46] found that inter-letter spacing did not impact
comprehension in typically developing children or children with dyslexia on a sentence
comprehension task. However, for a passage-reading task, Katzir and colleagues [47] found
that decreasing font size yielded lower reading comprehension scores in 2nd graders but
higher scores in 5th graders. Letter shape may also play a role as a recent study [48] found
that rounder letters yielded better reading fluency and were rated as more pleasant than
angular letters by a group of children (4th-6th grade); however, comprehension was not
impacted.

Task differences may explain some of these contrasting findings. Together, these
combined results demonstrate that similar to adults, typographic features can impact
reading speed and possibly reading comprehension in young readers. Furthermore, they
demonstrate that font recommendations should likely change as children grow and develop.

1.5. Font Format Personalization

A number of studies have found that inter-letter spacing much larger than standard
spacing often hinders reading speed in adults [33,36,37]; however, this is not the case for all
readers. Evidence suggests that increasing inter-letter spacing beyond standard spacing
improves the speed of word identification [45] as well as reading accuracy and reading
speed [49,50] in children with developmental dyslexia. People with dyslexia may be more
prone to crowding effects than people without dyslexia [51-54], which may explain why
individuals with dyslexia often benefit from additional spacing. However, Spinelli et al. [49]
noted that while analyses indicated a crowding effect at the group level in participants with
dyslexia, when examining individual data, only a minority of participants with dyslexia
showed marked crowding effects compared to the group of controls. This suggests that
specific typographic features, such as increased inter-letter spacing, may benefit some
individuals but not others.

Additionally, recent emerging research has demonstrated that even individuals with
typical reading skills may benefit from personalized typographic features. For example,
Wallace et al. [55] compared reading speed in 16 different fonts (e.g., Times New Roman,
Arial, Montserrat) and found that by simply changing the font, the average adult reader
read an additional 30 words per minute, equivalent to three to four pages of text per hour.
Participants with the largest difference between fonts improved by an average of 93 words
per minute, which is the equivalent of reading an additional eight pages per hour. In a
follow-up study, Wallace et al. [56] investigated the effect of font personalization in adult
readers (18-71 years of age, mean age = 33 years) on both reading speed and comprehension.
Participants read 300- to 500-word passages at the 8th-grade level, which were split into
two screens. There were ceiling effects on the reading comprehension task (70-100%
accuracy range, median = 90% accuracy); thus, they focused their analyses on reading
speed. The personal best font was defined as the one that yielded the fastest reading time
and not necessarily the best comprehension. Similar to their previous study, reading speed
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significantly increased between individual participants’ personal best and worst fonts. Both
studies revealed that no single font improved reading speed across all participants; rather,
different fonts were effective for different people [55,56], which suggests that personalizing
fonts could serve to optimize reading outcomes even in unimpaired, typical readers.

There is a dearth of research investigating whether children will benefit from font
personalization with regard to reading speed or comprehension. The Wallace et al. [56]
study did test comprehension in adults but had ceiling effects likely due to the use of
8th-grade-level passages when almost all participants (over 99%) had at least a high school
education, and many (~50%) had a bachelor’s or graduate degree. Font personalization may
be more likely to impact comprehension in more complex grade-level material compared to
simpler material well below grade level. It is important to consider both reading speed and
comprehension as faster reading speeds can sometimes be associated with poorer reading
comprehension due to a trade-off between speed and accuracy [57]. Since the ultimate
goal of reading is to accurately comprehend material, we were particularly interested in
determining whether font personalization could yield a better comprehension of reading
material.

1.6. Current Study

In the current study, we investigated the effect of character width and inter-letter
spacing on reading speed and comprehension in developing readers (kindergarten-2nd
grade) and more established readers (3rd—8th grades). Character width and inter-letter
spacing were chosen because research has demonstrated that both of these features can
affect reading. We conducted two experiments to investigate the effect of typography on
comprehension and reading speed with a word-level, speeded, semantic categorization task
(Experiment 1) and a passage-level reading task (Experiment 2). Many previous studies
investigating the effect of typography on reading have compared reading speed across
different available fonts (e.g., Arial, Times New Roman) [42,55,58]. However, different
fonts can vary on a number of features including letter shape, inter-letter spacing, x-height,
character width, stroke weight, and presence of serifs. Thus, even if a study finds that
one particular font improves reading speed or comprehension, it is difficult to determine
what specific feature (e.g., inter-letter spacing, stroke weight, character width) drove the
differences between conditions. In order to specifically investigate how different features
impact reading, we used a variable font (Roboto Flex). A variable font allows for the
manipulation of specific features such as character width, inter-letter spacing, and stroke
weight to create many different variations of a typeface. Using Roboto Flex allowed us to
carefully control all aspects of the font format while manipulating only the typographic
feature of interest (inter-letter spacing and/or character width). Also, due to the potential
trade-off between speed and accuracy [57], it was vital to study both reading speed and
comprehension accuracy.

Our study had two aims: (1) to investigate the impact of character width and inter-
letter spacing on reading speed and comprehension at the group level and (2) to examine
whether font format personalization could significantly improve speed and/or compre-
hension at the individual reader level. We had several hypotheses at the group level. First,
we hypothesized that wider letters and standard inter-letter spacing would yield faster
reading speeds and better comprehension at the group level for both word- (Experiment
1) and passage-level (Experiment 2) tasks. We also hypothesized that participants with
dyslexia would benefit most from increased inter-letter spacing. Additionally, we were
interested in determining whether younger readers would benefit more from different
typographic features than older readers at the group level. At the individual reader level,
we hypothesized that individuals would benefit from font format personalization and have
significantly better comprehension and faster speeds in their personal “best” compared
to personal “worst” font formats in both the word and passage tasks. Finally, we were
interested in investigating whether some participants (e.g., younger participants vs. older
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participants, participants with weak vs. strong reading skills) would benefit more from
personalizing font formats.

2. Experiment 1
2.1. Experiment 1 Materials and Methods
2.1.1. Participants

We enrolled 94 participants (43 girls and 51 boys) spanning kindergarten—8th grades.
They had a mean age of 9.25 years (SD = 2.55). Participant demographics by grade are in
Table 1. All participants were native speakers of English; 77 were monolingual English
speakers, 16 were bilingual, and 1 participant was trilingual. As per parent reports, all
participants were able to independently read grade-level sentences. Parent reports also
indicated that four participants had dyslexia, seven participants had another learning
and/or developmental disorder (e.g., autism, attention deficit hyperactivity disorder), and
one participant had both dyslexia and developmental language disorder. Participants
were recruited by emailing the parents of students who used the ReadWorks platform.
The study was completed remotely, and all procedures were approved by the Chapman
University Institutional Review Board. Parents initiated the online study and provided
informed consent. Students provided their assent to indicate their willingness to participate
in the study. All participants received a USD $15 Amazon gift card upon the completion of
Experiments 1 and 2.

Table 1. Participant Demographics by Grade.

Grade
K 1st 2nd 3rd 4th 5th 6th 7th 8th
Mean Age (Years) 6.0 7.1 7.1 9.2 9.8 10.9 12.3 13.0 13.9
Mean Parent Education (Years) 16.4 15.6 16.5 16.8 15.8 14.8 16.9 17.5 16.5
Sex

Female Participants (%)
Male Participants (%)
Race

50% 50% 53%  54%  46%  33% 57% 25% 17%
50% 50%  47%  46%  54% 67%  43% 75% 83%

African American/Black (%) 0% 19% 0% 31% 23% 8% 14% 25% 0%

American Indian/Alaskan Native (%) 0% 19% 7% 8% 8% 42% 0% 0% 0%

Asian (%) 0% 0% 20% 15% 0% 8% 0% 0% 0%

White (%) 50%  44% 73%  31%  46%  25% 86% 75% 83%

Mixed Race (0/0) 38% 6% 0% 8% 0% 8% 0% 0% 0%

Undisclosed Race (%) 13% 13% 0% 8% 23% 8% 0% 0% 17%
Ethnicity

Hispanic (%)

38% 31% 13% 15% 15% 50% 29% 0% 17%

2.1.2. Materials

For participants in the 3rd-8th grades, the materials in Experiment 1 consisted of
90 target words (45 animals and 45 inanimate nouns) that were presented individually in a
semantic categorization task. Each word was presented in six different font variations of
the variable font Roboto Flex (Figure 2), creating a total of 540 items. All 90 words were
selected from words available from the English Lexicon Project [59] and had an age of
acquisition below the age of 7 (mean = 5.30 years, standard deviation (SD) = 1.09; range
=2.9-6.90 years). The mean length was 5.17 letters (SD = 1.31; range 3-7 letters). Two
lists of 270 items each were created where all 90 words were presented three times each.
Each list contained three blocks of 90 words, and every word was presented once per block.
Participants were presented with one block at a time and were given a break between the
blocks to rest their eyes. Every participant was presented with one list; thus, they saw each
of the 90 words three times in three different font formats. Lists were pseudorandomized
to ensure that the same word was never presented in consecutive trials and that the same
font variation was never presented in more than two consecutive trials. For participants in
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kindergarten—2nd grade, 60 words from the larger list of 90 words were selected that all had
an age of acquisition at or below the age of 6 (mean =4.77, SD = 0.85, range = 2.90-6.0). The
mean length was 4.94 letters (SD = 1.17). An independent samples t-test indicated that the
mean number of letters per word did not significantly differ between the list of 60 words for
kindergarten—2nd-grade participants and the list of 90 words for 3rd-8th-grade participants
(p = 0.25). The 60 words were presented in six different font variations (Figure 1), creating a
total of 360 items. Two pseudorandomized lists consisting of 180 items per list were created,
with each word presented three times within each list. Each list contained three blocks
where every word was presented once per block. Participants were given breaks between
blocks. Participants were presented with one list.

Varied Spacing Varied Width Varied Spacing & Width

Base* readability Nar_width readapility extreme read@ability
(wic!e spa.cing

Med_space readability  Base* readability =~ widewidt

Wide_space readability  wide width readapiility Bl s

Figure 2. Six Font Variations. Roboto Flex variable font was used to manipulate inter-letter spacing
and character width. The base font variation with no modifications was used as well as two conditions
with varied spacing (medium spacing, Med_Space; wide spacing, Wide_Space) and two conditions
with varied width (narrow width, Nar_Width; wide width, Wide_Width). An extreme condition with
wide inter-letter spacing and wide width was also used.

2.1.3. Font Variations

Since the release of variable font specification in 2016, a font is no longer necessarily
a single design but a parametric design of numerically defined parameters such as letter
width, spacing, boldness, and x-height, all of which can be interpolated in any given
way [60]. Using a variable font, Roboto Flex, we generated six font variations by manipulat-
ing inter-letter spacing and character width while keeping all other typographic parameters
constant (Figure 2). Specifically, Adobe Illustrator was used to manipulate inter-letter
spacing using the tracking feature and character width using the variable font width axis.
With the six variations used in the current study, Roboto Flex is a low-stroke contrast sans
serif font, with a notably generous x-height within the standard range [61,62]. The six font
variations included (1) the base Roboto Flex font format with default spacing and letter
width (Base: space 0, width 100), (2) a medium inter-letter spacing format (Med_Space:
space 50, width 100), (3) a wide inter-letter spacing format (Wide_Space: space 100, width
100), (4) a narrow letter format (Nar_Width: space 0, width 50), (5) a wide letter format
(Wide_Width: space 0, width 150), and an extreme letter format with wide inter-letter
spacing and wide letters (Extreme: space 135, width 150).

2.1.4. Procedure

The study was presented remotely using Gorilla experiment builder software [63].
Parents initiated the study and provided informed consent and then answered a parent
questionnaire, which is described in the next section. The parent was then asked to put
their browser in full-screen mode. Instructions to put the browser in full-screen mode
were provided for several different types of computers (e.g., Mac, Chromebook, Windows
PC). They were instructed to mute the volume on their computer to prevent auditory
notifications from distracting participants during the study. Next, parents were asked to
calibrate their monitors and measure screen size by adjusting the size of a rectangle on the
screen to match the size of a credit card. The parent was then instructed to allow their child
to begin participating in the study while providing support as needed to answer questions
and follow experimental protocols. The children were instructed to sit comfortably in
front of their monitor, approximately 24 inches from the screen. The child was asked to
provide their assent to participate in the study. Next, they completed a short questionnaire
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about their reading habits, described below. Following the short questionnaire, they were
advanced to a short practice session consisting of three practice trials. In cases where the
parent had indicated that the child required glasses to properly read experimental stimuli
presented on the computer, the child was asked to put on their glasses and confirm that
they were wearing them prior to advancing to the practice trials. Participants were able to
repeat the practice session as needed. Following the practice trials, participants initiated
the masked semantic categorization task.

2.1.5. Questionnaires

The parent questionnaire asked parents about their own educational background
and the educational background of a second parent/caregiver if one was present in the
child’s life. In cases where two parents/caregivers were raising the child, their educational
average education score was created for use in data analyses. They were also asked to
provide their child’s age, grade, sex, language background (e.g., whether the child was
bilingual), whether the child required eyeglasses for reading, and whether the child had
been diagnosed with dyslexia, developmental disorders, or learning disorders. The child
questionnaire asked children to rate how much they enjoy reading both for school and
for pleasure on a Likert scale: (1) greatly dislikes, (2) slightly dislikes, (3) neither likes nor
dislikes, (4) slightly enjoys, or (5) greatly enjoys. Their ratings were averaged together to
create a reading enjoyment score.

2.1.6. Masked Semantic Categorization Task

Masking was used in the semantic categorization task to increase the perceptual
difficulty of the target as this has been shown to maximize reaction time differences between
conditions [64]. An example of one trial is presented in Figure 3. Participants were
presented with a forward mask for 500 ms and then the target word (either an animal or an
inanimate object) was presented in the center of the screen. Target words were presented
in 24-point font, which was adjusted to be the same size for all participants regardless of
monitor size. The target word was presented for a duration of 85 ms for 3rd-8th-grade
students and 140 ms for students in kindergarten—2nd grade. The target word was followed
by a backward mask presented for 50 ms. A screen showing “Is it an Animal?” with Yes/No
options was presented below with left/right arrows. The participant selected whether the
target was an animal or not via a button press. The button press advanced the participant
to the next trial. The experiment would not advance unless the participant responded.
The experiment was counterbalanced so that half of the participants indicated that the
target was an animal by pressing the left arrow button on their keyboard or that it was
not an animal by pressing the right arrow; the other half indicated that the target was an
animal using the right arrow button or that it was not an animal using the left arrow button.
Participants were instructed to respond as quickly and accurately as possible. Different
target display durations (140 ms for kindergarten-2nd grade; 85 ms for 3rd-8th grade)
were chosen based on our pilot study results to ensure that the task was challenging for
all ages of participants and would thus yield maximum differences between conditions
while also reducing significant feelings of frustration. The target durations were on par
with previous studies using similar paradigms [65,66].

2.1.7. Data Analysis

We examined the effect of font variation on reaction time (reading speed) and response
accuracy (reading comprehension) by fitting mixed-effects linear models using the Ime4
package [67] in R software [68]. The first model regressed reaction time as the dependent
variable on font variation as the main predictor, controlling for grade, average parent
education (as a marker of socioeconomic status), accuracy, presence of dyslexia, and
presence of another learning disorder or developmental disability, and there was a random
intercept for participants to account for repeated measures. A second model had accuracy
as the dependent variable with the same covariates as the first model, but reaction time
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was a covariate rather than accuracy. Reaction times longer than 3000 ms or shorter than
100 ms were considered invalid test results and excluded from the analysis, which resulted
in the discarding of 3.4% of reaction times from the dataset.

Is it an animal?

Time
Yes  No
= =
fisvereierd Response
(button press)
ball Backward Mask
(50 ms)
#itii Target
85ms
or
( 140 ms ) 31— 8th grade: 85 ms

Forward Mask Kindergarten — 2" grade: 140 ms
(500 ms)

Figure 3. Schematic of One Trial. Participants were presented with a forward mask for 500 ms. The
target word (either an animal or an inanimate object) was presented. The target was presented for a
duration of 85 ms for 3rd-8th-grade students and 140 ms for students in kindergarten-2nd grade. The
target was followed by a backward mask presented for 50 ms. A screen showing “Is it an animal?”
was presented, at which point the participant could select whether the target was an animal or not
via a button press. The button press advanced the participant to the next trial.

The results from these initial analyses revealed no universally optimal font variation;
thus, we conducted follow-up analyses to assess whether individual participants signifi-
cantly benefited in reading speed or comprehension from reading words presented in their
personal best font variation vs. their personal worst font variation. As the ultimate goal of
reading is to successfully comprehend text, the personal best font variation was defined
as the format with the highest reading comprehension accuracy and, in cases where there
was an accuracy tie, the variation with the fastest reaction time was selected as the best
variation. The personal worst font variation was defined as the format with the lowest
reading comprehension accuracy and, in cases of an accuracy tie, the variation with the
slowest reaction time was selected as the worst format. To test whether any particular font
variation was more likely to be a best font variation, a chi-square goodness of fit test was
conducted on proportions of participants with each format as their best font variation. The
equivalent test was conducted to determine whether any font format was more likely to be
participants’ worst variation. To investigate whether personal best font variations yielded
faster and more accurate reading comprehension, we conducted independent samples
t-tests comparing personal best vs. worst accuracy and reaction times.

Additionally, we were interested in investigating whether specific factors predicted
which participants benefited the most from font variation changes. We conducted multi-
variable regression to assess predictors of the accuracy difference between personal best
and worst font variation. Grade, average parent education, the rating of how much the
child enjoys reading, presence of dyslexia, presence of another learning disorder or devel-
opmental disability, mean accuracy across all conditions, and mean reaction times across all
conditions were entered as independent variables. Mean reading comprehension accuracy
and mean reaction time across all conditions were added to determine whether participants
who struggled with the task would be more likely to benefit from personalizing the font
variation. A multivariable regression to assess predictors of the reading speed (reaction
time) difference between personal best and worst font variation was also conducted using
the same independent variables.

To assess the stability of font variation personalization we determined the best font
variation for every participant for each of the three blocks. Next, we calculated the pro-
portion of participants who had the same best font variation in all three blocks, the same
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best font variation in two blocks, or a different best font variation in all three blocks. A
chi-square goodness of fit test with a Monte Carlo simulation was conducted to determine
if the proportion of participants within each of the three categories (three blocks with the
same personal best, two blocks with the same personal best, no blocks with the same per-
sonal best) were different from chance (2.8%, 41.7%, and 55.6%, respectively). An identical
analysis was conducted for personal worst font variations. Finally, we assessed predictors
of whether someone had a stable best variation, which was defined as having the same
personal best font variation in at least two of the three blocks or not (different personal
best font variations in all three blocks) using logistic regression. Grade, average parent
education, the rating of how much the child enjoys reading, presence of dyslexia, presence
of another learning disorder or developmental disability, mean accuracy across all condi-
tions, and mean reaction times across all conditions were entered as independent variables.
Mean accuracy and mean reaction time across all conditions were added to determine
whether participants who struggled with the task would be more likely to benefit from
personalizing the font variation.

2.2. Experiment 1 Results
2.2.1. Group-Level Results
Reading Speed (Reaction Time)

The mean reaction times by grade are presented in Table 2. The complete results for
the mixed-effects linear model of reading speed are presented in Table 3 (Figure 4A). No
single font variation was a significant predictor of reaction time. Students in higher grades
had significantly faster reaction times (£(102.30) = —3.14, p = 0.002), with an estimated
37 ms decrease in reaction time per one grade level increase. Students whose parents
had more education had significantly slower reaction times (£(93.25) = 4.20, p < 0.001)
and students with a learning or developmental disorder other than dyslexia also had
significantly slower reaction times (#(93.17) = 2.70, p = 0.008). A significant interaction
between the Wide_Space font format and a dyslexia diagnosis (#(16730) = —1.98, p = 0.048)
indicated that the Wide_Space format yielded an estimated 74 ms faster reaction time
compared to the base font in students with dyslexia.

Table 2. Experiment 1 Performance by Grade.

Grade chi?:;acy %) i?curacy (%) Mean RT (ms) SD RT (ms)
K 71.2% 45.3% 870 448
1st 63.8% 48.1% 704 398
2nd 74.3% 43.7% 815 449
3rd 73.6% 44.1% 739 444
4th 79.0% 40.8% 690 365
5th 65.9% 47.4% 544 335
6th 80.4% 39.7% 718 335
7th 82.9% 37.6% 592 282
8th 89.1% 31.2% 659 332

Note: SD = Standard Deviation.

Reading Comprehension Accuracy

The mean reading comprehension accuracy scores by grade are in Table 2. The results
for the reading comprehension accuracy model are in Table 3 (Figure 4B). The accuracy
model revealed that students whose parents had more education (#(92.55) = 6.00, p < 0.001)
had significantly higher accuracy. The presence of a learning or developmental disorder
other than dyslexia predicted significantly higher accuracy (£(92.22) = 2.76, p = 0.007).
A significant interaction between the Wide_Space format and grade (#(16740) = —2.10,
p = 0.036) indicated that students in lower grades benefited more than older students from
the Wide_Space format.
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Figure 4. Reading performance for each font variation for speeded semantic categorization task
(Experiment 1). Differences in (A) reading speed and (B) reading comprehension accuracy are
depicted.

2.2.2. Individual Level Results (Font Format Personalization)

Chi-square goodness of fit tests indicated that no particular font variation was more
likely to be the best or worst font variation for individual readers (both p-values > 0.30)
(Figure 5). Reading speed did not differ significantly between best and worst font variations
(Figure 6A). Reading comprehension was significantly more accurate (£(165.57) = 5.73,
p < 0.001) in the personal best variation (mean reading comprehension accuracy = 80.5%
(SD =17.7%)) vs. personal worst variation (mean reading comprehension accuracy = 62.1%
(SD = 25.6%)) (Figure 6B). The multivariable linear regression model evaluating predictors
of reading speed improvement between best and worst font variations was not significant.
The multivariable linear regression model evaluating predictors of reading comprehension
accuracy improvement on best vs. worst font variations was significant (Fy7,g¢ = 12.00,
p < 0.001) (Table 4). This model accounted for approximately 45% of the variance (r? = 0.49,
adjusted % = 0.45). Grade (p = 0.030) and mean accuracy across all font variations (p < 0.001)
were independent significant predictors. Students in lower grades and students with lower
overall reading comprehension accuracy benefited the most from font variation changes.

The stability analysis indicated that 58% of participants had a stable personal best font
variation, which was significantly more than that predicted by chance (x? = 7.5, p = 0.023).
Analyses indicated that the personal worst font variation was not stable. The analyses
investigating stability predictors were not significant. Thus, no factors were found that
predicted whether a participant would have a stable personal best font variation.
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Figure 5. Best font variation proportions for semantic categorization task (Experiment 1). No single

font variation was more likely to be the personal best font variation.
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Table 3. Mixed-Effect Linear Models of Reaction Time and Reading Comprehension Accuracy for Speeded Semantic Categorization Task.

Reaction Time (Reading Speed) Model Accuracy (Reading Comprehension) Model
Estimate Std. Error df T p-Value Estimate Std. Error df T p-Value
(Intercept) 330.60 116.10 94.69 2.85 0.005 * (Intercept) 20.74 8.07 97.38 2.57 0.012 *
Nar_Width 7.33 16.16 16,740.00 0.45 0.650 Nar_Width 1.14 2.04 16,740.00 0.56 0.575
Wide_Width 11.79 16.04 16,730.00 0.74 0.462 Wide_Width -0.23 2.03 16,740.00 -0.12 0.908
Med_Space 13.92 16.15 16,730.00 0.86 0.389 Med_Space —0.85 2.04 16,740.00 —0.42 0.675
Wide_Space 9.64 15.99 16,740.00 0.60 0.546 Wide_Space 3.05 2.02 16,740.00 1.51 0.131
Extreme —18.42 16.05 16,740.00 —1.15 0.251 Extreme —1.09 2.03 16,740.00 —0.54 0.590
Grade —36.55 11.64 102.30 -3.14 0.002 * Grade 1.34 0.84 124.60 1.58 0.116
Parent Education 109.70 26.14 93.25 4.20 <0.001 * Parent Education 10.80 1.80 92.55 6.00 <0.001 *
Accuracy 0.08 0.06 16,780.00 1.26 0.209 Reaction Time 0.00 0.00 16,330.00 1.86 0.063
Dyslexia 16.92 120.10 101.30 0.14 0.888 Dyslexia —5.69 8.65 120.40 —0.66 0.512
Other . Other .
Disability /Disorder 248.70 92.28 93.17 2.70 0.008 Disability /Disorder 17.54 6.35 92.22 2.76 0.007
Nar_Width*Grade —1.46 3.76 16,740.00 —0.39 0.697 Nar_Width*Grade —0.36 047 16,740.00 —0.77 0.443
Wide_Width*Grade 1.03 3.74 16,730.00 0.28 0.782 Wide_Width*Grade -0.29 047 16,740.00 —0.62 0.535
Med_Space*Grade 0.17 3.76 16,730.00 0.05 0.965 Med_Space*Grade 0.24 047 16,740.00 0.51 0.607
Wide_Space*Grade 0.48 3.74 16,740.00 0.13 0.897 Wide_Space*Grade —-0.99 047 16,740.00 -2.10 0.036 *
Extreme*Grade 5.11 3.73 16,740.00 1.37 0.171 Extreme*Grade —0.31 047 16,740.00 —0.65 0.514
Nar_Width*Dyslexia  —17.44 37.22 16,730.00 —0.47 0.639 Nar_Width*Dyslexia  3.38 4.70 16,740.00 0.72 0.473
Wide_Width*Dyslexia —58.81 37.08 16,730.00 —1.59 0.113 Wide_Width*Dyslexia 5.03 4.69 16,740.00 1.07 0.283
Med_Space*Dyslexia  —0.34 37.34 16,730.00 —0.01 0.993 Med_Space*Dyslexia  5.68 4.72 16,730.00 1.21 0.228
Wide_Space*Dyslexia  —74.31 37.55 16,730.00 —1.98 0.048 * Wide_Space*Dyslexia  6.02 4.74 16,740.00 1.27 0.205
Extreme*Dyslexia —33.93 37.10 16,740.00 —0.92 0.360 Extreme*Dyslexia —3.53 4.69 16,740.00 —0.75 0.451

Note: Std. Error = Standard error; * denotes significance at p < 0.05.
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Table 4. Linear Regression for Reading Comprehension Accuracy Difference Between Personal Best
vs. Worst Font Format.

Estimate Std. Error t p-Value
(Intercept) 51.14 5.92 8.63 <0.001 *
Grade -1.12 0.51 —2.20 0.030 *
Parent Education 1.40 1.18 1.18 0.240
Reading Enjoyment —1.54 1.11 -1.39 0.169
Dyslexia 2.57 4.52 0.57 0.570
Other Disability /Disorder 0.84 3.74 0.23 0.823
Mean Overall Accuracy —0.32 0.08 —4.18 <0.001 *
Mean Overall RT —0.01 0.01 —1.70 0.094

Note: Std. Error = Standard error; * denotes significance at p < 0.05.
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Figure 6. Reading performance for personal best and worst font variations in speeded semantic
categorization task. (A) Reading speed was not significantly different between personal best and
worst font variations and (B) reading comprehension accuracy was significantly higher in the personal
best variation. * denotes a significant difference at p < 0.05.

2.3. Experiment 1 Discussion
2.3.1. Group Level

At the group level, we hypothesized that wider letters and standard inter-letter spac-
ing would yield faster reading speeds and better reading comprehension accuracy, but
group-level analyses did not indicate that any particular font variation was read faster or
slower. We also hypothesized that children with dyslexia would benefit from increased
inter-letter spacing, and this hypothesis was supported as children with dyslexia had
significantly faster reaction times with the Wide_Space variation, even when controlling for
comprehension accuracy. This replicates previous findings as several studies have found
that increasing inter-letter spacing can improve reading speed and reading comprehension
accuracy in children with developmental dyslexia [49,50]. There is evidence suggesting that
some children with dyslexia are more vulnerable to visual crowding effects [51-54] and
that increased inter-letter spacing can increase reading speed in this population [45,49,50].
Our results align with these previous findings; however, due to the small sample size of
the dyslexia group (N = 5), these results should be interpreted with caution.

Additionally, we hypothesized that younger children would benefit from different
typographic features compared to older children. We did not find a significant interaction
between age and any font variation with regard to reading speed, even though some studies
have found that younger students may benefit from increased inter-letter spacing [41,45].
For reading comprehension accuracy, we did find that younger children benefited more
from increased inter-letter spacing (Wide_Space format) than older children. This could
suggest that younger children are more affected by visual crowding than older children.
Individuals with a learning or developmental disorder other than dyslexia had slower reac-
tion times overall, but they also had higher reading comprehension accuracy, even when
controlling for reaction time. It is possible that participants with a learning disorder or de-
velopmental disability took the task more seriously or perhaps had experience participating
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in previous research studies and thus were more familiar with research protocols. Overall,
we found that increased inter-letter spacing (Wide_Space) was beneficial for individuals
with dyslexia and younger children in particular, but letter width did not appear to affect
reading speed or comprehension at the group level. Thus, our hypothesis that both wider
letters and increased inter-letter spacing would benefit participants at the group level was
only partially supported.

2.3.2. Individual Reader Font Format Personalization

The stability analysis indicated that the personal best font variation remained stable
throughout the task for 58% of participants. It is possible that the participants who did
not have a stable best font variation in this experiment may benefit from typographical
features that we did not manipulate in the current study, such as font size and stroke
weight. Or, alternatively, they may have shown a stable best font variation with the features
manipulated in this study (inter-letter spacing and/or character width) if we had included
more extreme spacing or width differences between variations. Previous studies have
demonstrated the influence of serifs and stroke contrast on individuals with both normal
and low vision [69,70]. A future larger study will investigate the impact of personalizing
additional font features such as serifs and stroke weight to determine their effect on both
reading speed and comprehension.

For our analyses investigating the impact of font personalization, we hypothesized
that children would experience faster speed and better reading comprehension accuracy in
their personal best vs. worst font variation. Reading speed was not significantly different
between personal best and worst variations, but participants achieved significantly higher
accuracy, with a mean comprehension accuracy difference of 18.4%. These results differ
from findings regarding font personalization in adults [55,56], where reading speed, but
not reading comprehension, benefited from font personalization. Our findings likely differ
from the findings of previous studies in adults partially due to differences in experimental
design. Both Wallace et al. studies [55,56] investigated font personalization in a passage-
reading task using 16 different fonts. However, in Experiment 1, we used a speeded
word-level comprehension task where we presented the same words in different font
variations. This experimental design allowed us to control for important factors like word
length, age of acquisition, word frequency, and neighborhood density. We also carefully
controlled specific typographic features of a font (inter-letter spacing and character width)
by manipulating a single variable font rather than presenting a variety of font families. Thus,
we were able to precisely investigate how these isolated typographic features impacted
reading outcomes. Our findings indicate that font personalization is vital as no single font
format benefited a large majority of participants.

Students in lower grades benefited more than older students from a personalized font
variation. Thus far, research on the impact of personalizing font has primarily focused
on reading speed in adult readers [55,56]. Yet, our results demonstrate that not only do
younger children who are still developing reading skills benefit even more than older
children from offering personalized font formats, but reading comprehension is improved.
Additionally, the readers who struggled the most with the task, as evidenced by their low
overall reading comprehension accuracy, experienced the greatest boost in accuracy from
font format personalization. This is likely partially due to having a greater potential for
accuracy improvement.

The ultimate goal of reading is reading comprehension; thus, our results indicating
that personalizing font formats can improve comprehension are important. As many
children struggle to develop reading comprehension skills [2], our study demonstrates that
we may be able to improve reading comprehension by offering personalized font variations
across all readers. They also suggest that younger and struggling readers stand to benefit
the most from personalization. Through simple font format changes to text, we may be
able to improve reading development outcomes for many children.
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3. Experiment 2
3.1. Experiment 2 Materials and Methods
3.1.1. Participants

Experiment 2 includes the same participants from Experiment 1. Both experiments
were completed within the same session.

3.1.2. Materials

The materials for this experiment consisted of two reading passages for each grade
(kindergarten—8th grade) for a total of 18 reading passages. Reading passages were selected
from those available on the ReadWorks platform (readworks.org) as appropriate for the
grade level of each participant. All passages were non-fiction, with either science or social
studies topics. See Table 5 for passage characteristics for each grade. Six versions of each
reading passage were created in the six different font variations used in Experiment 1
(see Figure 2). Participants saw both passages for their grade level once each, and each
passage was presented in a different font variation. Thus, each participant was presented
with two of the six font variations. Passage presentation was pseudorandomized so that
each passage/font variation combination was presented an equal number of times across
participants. The order in which passages were presented was counterbalanced.

Reading comprehension was assessed using three multiple-choice questions testing
different levels of comprehension. The first multiple-choice question asked about explicit
information presented in the passage (e.g., “Which river runs through Florence, Italy?”).
The second question asked about where information could be found in the text (e.g., “The
Ponte Vecchio has never broken since it was built. What part of the text tells us this is
true?”). The third question asked about the main idea of the passage (e.g., “What is the
passage mostly about?”). Each question for kindergarten and 1st graders was followed by
two multiple-choice answers to choose from while questions for 2nd-3rd-grade passages
were followed by three possible multiple-choice answers, and each question for 4th-8th
graders was followed by four possible multiple-choice answers.

Table 5. Passage Characteristics by Grade.

Grade Mean Number of Words Mean Lexile
Kindergarten 240 87

1st 350 114

2nd 430 138

3rd 520 128

4th 695 234

5th 795 266

6th 905 386

7th 1000 392

8th 1085 498

3.1.3. Procedure

Participants completed Experiments 1 and 2 in the same session. Experiment 2 was
presented remotely to participants on their computer screens. Participants were shown
a practice passage on their computer screen with practice questions and were able to
complete the practice session multiple times until they indicated that they were ready to
begin the experimental task. They were instructed to read passages silently and answer
comprehension questions. Then, the participant moved to the next page containing the first
passage presented in one of the six font variations. Next, they moved to the subsequent
page, which contained the first of three multiple-choice questions. Participants were
able to toggle back and forth between each of the questions and the passage. Passages
were always shown on one page; participants never had to scroll to see any part of the
passage. They selected answers for each of the three questions and moved to the next
page, which contained the second passage, and repeated the same procedure. Once the
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participants confirmed their answer to the third question, they could not return to change
their answers. Participants were required to choose an answer for each question before
they could advance. Since participants could toggle between the passage and the questions,
WPM was calculated using the total amount of time spent reading the passage. Time spent
reading the questions was not included in the WPM calculation.

3.1.4. Font Variations

Font variations were identical to those used in Experiment 1 (Figure 2). The default
parameters for spacing between lines of text (leading), were used. The default auto-leading
option sets the leading to 120% of the typeface size. A 24-point font size was used for
kindergarten-3rd grade passages and a 21-point font size was used for 4th-8th grade
passages. Font size was automatically adjusted to the correct font size regardless of the
participant’s screen size.

3.1.5. Data Analysis

We aimed to examine the effect of font variation on words read per minute (WPM;
reading speed) and accuracy (reading comprehension) in an ecologically valid passage task
that was similar to reading tasks that students complete in the classroom. Mixed-effects
linear models were computed using the Ime4 package [65] in R software [66]. The first
model had WPM as the dependent variable with font format as the main predictor and
grade, average parent education, the rating of how much the child enjoys reading, accuracy,
presence of dyslexia, presence of another learning disorder or developmental disability,
and passage Lexile level (level of passage difficulty where more difficult passages have
higher Lexile levels) were entered as covariates. The interactions between (1) a dyslexia
diagnosis and font variation and (2) age and font variation were also entered into the
model. Participants were entered as a random effect. A second model with accuracy as the
dependent variable contained the same covariates as the first model; however, WPM was a
covariate rather than accuracy. Accuracy was entered as percentages in the models.

Similar to Experiment 1, we additionally aimed to determine if individual participants
would significantly benefit in reading speed or comprehension from reading words pre-
sented in their personal best font variation vs. their personal worst font variation. Because
we completed data collection during the global COVID-19 pandemic, data collection was
conducted completely online and we therefore limited data collection to one session as we
were concerned about attrition, particularly since the participants in the current study were
young. Due to attrition concerns, we were not able to present participants with a large
number of passages; thus, our analyses of individual reader font format personalization
effects are exploratory in nature.

We used the same definition of personal best variation that was used in Experiment 1.
The personal best font variation was defined as the font variation with the highest accuracy
on the passage task and, in cases where there was an accuracy tie, the variation with the
highest WPM was selected as the best variation. The personal worst font variation was
defined as the variation with the lowest accuracy and, in cases of an accuracy tie, the
variation with the lowest WPM was selected as the worst variation. A chi-square goodness
of fit test was used to determine whether any font variation was more likely to be a best
font variation. The same test was conducted to determine if any of the six font variations
were more likely to be the worst variation. Independent samples t-tests comparing personal
best and worst font variations were conducted to determine whether personal best font
variations yielded more accurate and faster reading comprehension.

We were also interested in investigating whether some participants were more likely
to benefit from font variation changes. We assessed predictors of the accuracy difference
between personal best and worst font variations using multivariable regression. While
controlling for grade, average parent education, the rating of how much the child enjoys
reading, presence of dyslexia, presence of another learning disorder or developmental
disability (besides dyslexia), mean accuracy across all conditions, and mean WPM across all
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conditions were entered as independent variables. Mean accuracy and mean WPM across
all conditions were added to determine whether participants who had difficulty with the
reading task would be more likely to benefit from personalizing the font variation. An ad-
ditional multivariable regression was used to assess predictors of the reading speed (WPM)
difference between personal best and worst font variations using the same independent
variables.

Finally, because, due to time constraints, participants only read two passages (and thus
only 2/6 font variations), we could not conduct identical stability analyses to Experiment
1. However, in order to investigate the stability of the personal best font variation across
Experiments 1 and 2, we used Cohen’s kappa for test-retest reliability of categorical
variables. The Experiment 1 rank (from best to worst) of the six font variations was
determined for each individual participant. Next, the two Experiment 2 font variations
were ranked for each individual participant. Cohen’s kappa for test-retest reliability was
calculated to determine whether in Experiment 1, the personal best font variation from
Experiment 2 was consistently rated higher than the personal worst font variation from
Experiment 2.

3.2. Experiment 2 Results
3.2.1. Group-Level Results
Reading Speed (WPM)

Mean WPM scores by grade are shown in Table 6. The results from the mixed-
effects linear model are presented in Table 7 (Figure 7A). Overall, when controlling for
accuracy and Lexile level, the Wide_Space (£(504.33) = —3.51, p < 0.001) and Extreme
(#(501.52) = —6.83, p < 0.001) font variations yielded the lowest WPM values. Specifi-
cally, the Wide_Space variation resulted in a substantial decrease of ~41 WPM and the
Extreme variation resulted in a ~72 WPM decrease relative to the Base format. A signif-
icant Extreme*Grade interaction (#(505.40) = 6.37, p < 0.001) indicated that as children
grow older, they suffer less from the detrimental slowing effects of the Extreme varia-
tion. A significant Med_Space*Grade interaction (#(511.99) = 4.14, p < 0.001) indicated
that children in older grades benefited most from medium inter-letter spacing. Significant
interactions of Med_Space*Dyslexia (#(527.16) = —3.14, p = 0.002) and Extreme*Dyslexia
(#(531.21) = —3.21, p = 0.001) indicated that children with dyslexia had lower WPM when
reading the Med_Space and Extreme font variations. Finally, a main effect of parental
education level (#(94.06) = —2.54, p = 0.013) demonstrated that children whose parents had
higher education read slower overall.
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Figure 7. Reading performance for each font variation for passage task (Experiment 2). Differences in
(A) reading speed (WPM) and (B) reading comprehension accuracy are depicted.

Reading Comprehension Accuracy

Mean reading comprehension accuracy results by grade are in Table 6. The mixed-
effects linear model results are presented in Table 7 (Figure 7B). When controlling for read-
ing speed (WPM) and Lexile level, children whose parents had higher education had signif-
icantly higher accuracy (£(97.56) = 2.57, p = 0.012). Also, a significant Nar_Width*Dyslexia
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interaction (#(552.16) = —2.25, p = 0.025) demonstrated that children with dyslexia had
significantly lower accuracy when reading in Nar_Width vs. the Base font variation.

Table 6. Experiment 2 Performance by Grade.

Mean SD

Grade Accuracy (%) Accuracy (%) Mean WPM WPM SD
K 93.8% 17.7% 95 58
Ist 86.5% 18.5% 146 62
2nd 66.7% 26.0% 133 70
3rd 71.8% 31.8% 154 71
4th 76.9% 18.1% 141 70
5th 65.3% 29.8% 142 81
6th 76.2% 19.9% 106 65
7th 70.8% 31.6% 187 81
8th 83.3% 21.8% 228 84

Note: SD = Standard Deviation.

3.2.2. Individual-Level Results (Personal Best vs. Worst Font
Variation)—Exploratory Analyses

Chi-square goodness of fit tests demonstrated that none of the six font variations was
more likely to be personal best or worst font variations (both p-values > 0.30) (Figure 8).
Reading speed was significantly faster (#(556.5) = 4.20, p < 0.001) in the best personal varia-
tion (mean = 157 WPM (SD =78 WPM)) vs. worst personal font variation (mean = 130 WPM
(SD = 71 WPM)) (Figure 9A). Reading comprehension accuracy was also significantly
higher (#(507.2) = 6.12, p < 0.001) in the personal best font variation (mean accuracy =
86.9% (SD = 33.8%)) vs. personal worst variation (mean accuracy = 65.6% (SD = 47.6%))
(Figure 9B). The multivariable linear regression model evaluating predictors of accuracy
improvement on personal best vs. worst font variations was significant (F7 g5 = 2.78,
p = 0.012) (Table 8). This model accounted for approximately 12% of the variance (> = 0.19,
adjusted 72 = 0.12). Dyslexia (p = 0.046) and mean overall accuracy (p = 0.006) were both
independent significant predictors in the model. Specifically, participants with dyslexia
and participants with lower overall mean accuracy were more likely to benefit from font
personalization. The multivariable linear regression model predicting WPM improvement
was not significant.

We also conducted a stability analysis using Cohen’s kappa to investigate whether
the personal best of the two font variations presented in Experiment 2 was consistently
ranked better than the Experiment 2 personal worst font format among the six font for-
mats presented in Experiment 1. The results indicated that the stability analysis was not
significant.
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Figure 8. Experiment 2 personal best font variation proportions for passage task (Experiment 2). No
single font variation was more likely to be the personal best font variation.
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Table 7. Mixed-Effect Linear Models of Words Read Per Minute and Reading Comprehension Accuracy for Passage Reading task.

Words Per Minute (Reading Speed) Model

Accuracy (Reading Comprehension) Model

Estimate Std. Error df t p-Value Estimate Std. Error df t p-Value
(Intercept) 193.24 31.99 122.15 6.04 <0.001 * (Intercept) 63.64 16.73 310.67 3.80 <0.001 *
Nar_Width 0.51 11.73 499.49 0.04 0.965 Nar_Width —5.78 12.70 471.41 —0.46 0.649
Wide_Width —5.34 9.65 498.56 —0.55 0.580 Wide_Width —3.01 10.64 508.16 —0.28 0.778
Med_Space —17.64 10.97 506.05 —1.61 0.108 Med_Space —16.58 11.10 356.18 —1.49 0.136
Wide_Space —41.63 11.87 504.33 —3.51 <0.001 * Wide_Space —15.14 12.06 353.85 —-1.26 0.210
Extreme —-71.92 10.53 501.52 —6.83 <0.001 * Extreme —14.09 11.30 467.90 —1.25 0.213
Grade —2.01 5.43 489.93 —0.37 0.712 Grade —-7.03 5.30 526.66 —-1.33 0.185
Parent Education —-17.17 6.76 94.06 —2.54 0.013 * Parent Education 5.32 2.07 97.56 2.57 0.012 *
Lexile 0.05 0.04 490.38 1.36 0.174 Lexile 0.02 0.04 550.08 0.47 0.635
Accuracy 0.05 0.03 478.44 1.36 0.175 ‘;Av?rfifeRead Per 0.01 0.03 145.85 0.23 0.820
Dyslexia 60.02 34.72 151.83 1.73 0.086 Dyslexia 30.59 19.04 308.57 1.61 0.109
Other —24.69 23.88 94.33 -1.03 0.304 Other 0.43 7.18 95.17 0.06 0.953
Disability /Disorder : . . : : Disability /Disorder : : : . :
Nar_Width:Grade —1.08 2.93 497.84 —0.37 0.712 Nar_Width:Grade 3.18 3.21 486.16 0.99 0.322
Wide_Width:Grade —0.28 2.61 503.74 —0.11 0.914 Wide_Width:Grade 2.22 2.80 483.00 0.79 0.429
Med_Space:Grade 11.60 2.80 511.99 4.14 <0.001 * Med_Space:Grade 3.26 2.77 347.25 1.18 0.240
Wide_Space:Grade 3.03 2.94 505.09 1.03 0.304 Wide_Space:Grade 5.14 2.99 361.16 1.72 0.087
Extreme:Grade 16.53 2.60 505.40 6.37 <0.001 * Extreme:Grade 4.53 2.75 470.44 1.65 0.101
Nar_Width:Dyslexia  —1.95 22.49 490.28 —0.09 0.931 Nar_Width:Dyslexia  —58.76 26.06 552.16 —2.25 0.025 *
Wide_Width:Dyslexia —4.19 22.42 499.00 —-0.19 0.852 Wide_Width:Dyslexia —38.51 25.19 546.06 —-1.53 0.127
Med_Space:Dyslexia —81.09 25.85 527.16 —-3.14 0.002 * Med_Space:Dyslexia —31.54 24.17 338.48 —1.31 0.193
Extreme:Dyslexia —111.58 34.81 531.21 -3.21 0.001 * Extreme:Dyslexia —36.35 31.68 326.58 -1.15 0.252

Note: Std. Error = Standard error; * denotes significance at p < 0.05.
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Table 8. Multivariable Model for Experiment 2 Reading Comprehension Accuracy Difference Between
Personal Best vs. Worst Font Variations.

Estimate Std. Error t p-Value
(Intercept) 47.35 18.21 2.60 0.011*
Grade 0.23 1.16 0.20 0.843
Parent Education 0.80 2.72 0.29 0.769
Reading Enjoyment —-2.25 2.70 -0.83 0.407
Dyslexia 23.03 11.40 2.02 0.046 *
Other Disability /Disorder —5.55 8.99 —0.62 0.539
Mean Overall Accuracy —0.37 0.13 —2.82 0.006 *
Mean Overall WPM 0.04 0.04 1.09 0.277

Note: Std. Error = Standard error; * denotes significance at p < 0.05.
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Figure 9. Reading performance for personal best and worst font variations on passage task. (A) Read-
ing speed was significantly faster in the personal best variation and (B) reading comprehension
accuracy was significantly higher in the personal best variation. * denotes a significant difference at
p <0.05.

3.3. Experiment 2 Discussion
3.3.1. Group Level

We hypothesized that at the group level, wider letters with standard inter-letter
spacing (Wide_Width) would yield the fastest reading times (WPM) and highest accuracy.
Our hypothesis was not supported. Instead, we found that the Wide_Space and Extreme
variations yielded the slowest reading times overall when controlling for accuracy and
passage difficulty (Lexile level). We also hypothesized that individuals with dyslexia
would benefit from increased inter-letter spacing. Our hypothesis was not supported.
Rather, individuals with dyslexia benefited the least from the Med_Space and Extreme
variations in terms of reading speed and the least from the Nar_Width variation for reading
comprehension. No font variation appeared to have a significant benefit for individuals
with dyslexia. However, the dyslexia group was small (N = 5); thus, our results should be
interpreted with this in mind.

We also found that younger readers benefited more from different typographic features
than older readers. For reading speed, the Med_Space and Extreme font variations benefited
older children more than younger children. As greater spacing and wider letters are
typical characteristics of font formats in reading materials for younger children [41,42], it
is surprising that older children benefited more than younger children from the Extreme
variation. There was no significant interaction between age and font variation in our
reading comprehension model.

3.3.2. Individual Reader Personal Best vs. Worst Font Variation (Exploratory Analyses)

Our analyses investigating personal best vs. worst font variations at the passage level
were considered exploratory as we only assessed two font variations per participant. Thus,
our results should be interpreted with caution. We hypothesized that children would have
faster and more accurate reading in their personal best vs. worse font variation, and our
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results did support our hypothesis. Children read significantly faster and more accurately
in their personal best font variation. These results differ from findings in adults [55,56]
who read faster, but not more accurately, in their personal best font. There are several
reasons why our findings may differ from Wallace et al.’s (2020, 2022) studies in adults.
First, Wallace et al. [56] used 8th-grade-level passages for a group of adults who had a
much higher education level (over 99% with at least a high school degree and ~ 50% with
at least a bachelor’s degree). However, we used grade-level passages that were designed to
be challenging for participants as this is similar to classroom reading tasks and has high
ecological validity. We did not achieve comprehension ceiling effects, as observed in Wallace
et al. [56] and thus were better able to evaluate the effect of typography on comprehension.
It is possible that presenting text in a personal best font is particularly beneficial in cases
where the reading material is more difficult. This conclusion is further supported by our
finding that children with low overall accuracy were also more likely to benefit from
personalizing font variation. Second, we studied subtle font variation differences by
manipulating character width and inter-letter spacing applied to the same variable font
(Roboto Flex), whereas Wallace et al. [55,56] compared performance across 16 different
fonts. Thus, it is impossible to determine from the Wallace et al. [55,56] studies what specific
font typographical features contributed to their findings. Our use of subtle manipulations
to the same variable font (Roboto Flex) allowed us to more precisely assess the specific
effects of inter-letter spacing and character width as many typographical features differ
when comparing different fonts, including letter shape, size, x-height, weight, and inherent
inter-letter spacing. Third, in our study, participants could freely navigate between the
passage and the questions before answering the questions in order to mimic a scenario
similar to a classroom assignment. Whereas in the Wallace et al. [55,560] studies, passages
were split into two screens followed by a screen with multiple choice questions, and they
could not return to a previous screen once they had advanced. Thus, they could see the first
half of the passage once they advanced to the second half of the passage. The results may
have been influenced by the design, which taxed memory resources, particularly while
reading the second half of the passage and answering questions.

Presenting text in the personal best font variation in our study was also more likely
to improve reading comprehension accuracy in children with dyslexia and children who
struggled with the passage task. No particular variation was more or less likely to be
a personal best or worst font variation. It is likely that making font recommendations
based on group-level findings will disadvantage many readers. Future research will
investigate how additional font characteristics, including size and stroke weight, affect
reading comprehension in children of all ages.

The stability analysis to determine whether individual participants benefited from
specific font variations across both Experiments 1 and 2 was not significant. This was
not surprising as reading speed and accuracy were evaluated across all six variations in
Experiment 1, but individual participants only saw two of the six variations in Experiment
2. Thus, very few participants read passages in their Experiment 1 personal best and worst
font variations.

4. General Discussion

We aimed to determine the impact of subtle changes to inter-letter spacing and charac-
ter width on reading speed and comprehension at the group level in a group of children
in kindergarten—8th grade. We also aimed to explore whether font format personalization
would significantly improve reading speed and/or comprehension for an individual. We
conducted two experiments to investigate these effects in different contexts. The first
experiment was a word-level, speeded, semantic categorization task and the second was
a passage-level reading comprehension task. Our group-level results varied with each
experiment. In Experiment 1, the Wide_Space font variation was associated with a faster
reading speed in children with dyslexia and higher accuracy in older children. However,
in Experiment 2, the Wide_Space font variation was associated with slower reading times
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at the group level, while both the Med_Space and the Extreme font variation increased
the WPM in older children. The differences between the Experiment 1 and Experiment
2 group-level results demonstrate the importance of investigating reading processes in
different types of tasks. In Experiment 1, we were able to tightly control stimuli presen-
tation, and some of the more complex aspects of reading comprehension, such as the
incorporation of morphosyntactic processing, were not required to successfully complete
the task. Experiment 2 had greater ecological validity because it was more similar to tasks
that children are asked to complete in school: reading a passage and answering questions
about the passage. Since our group-level findings differed between Experiments 1 and 2,
future research focused on developing a digital tool to determine an individual’s best font
or font variation should consider using passage-level tasks if the goal is to improve reading
comprehension for daily tasks at the sentence or passage level.

To our knowledge, this is one of the only studies investigating how personalizing
font format can affect both reading speed and comprehension in school-aged children. We
found that participants benefited similarly from reading text in their personal best font
variation in terms of reading accuracy across both Experiments 1 and 2. Mean reading
accuracy improved by 18.4% in Experiment 1 and by 21.3% in Experiment 2. If this level
of improvement was seen in the classroom, it could translate to the difference between
earning a C vs. an A on a reading assignment. Reading speed did not significantly improve
in Experiment 1, but improved by 27 WPM in Experiment 2, which was the equivalent of
20.8% more WPM. This speed improvement is equivalent to reading an additional 3.24
single-spaced pages in an hour. Our results suggest that personalizing font format may have
significant benefits for improving reading comprehension and speed in children of all ages,
with a particular benefit for younger children. Our study is also the first of which we are
aware to assess the stability of a personal best font variation during a task of interest. The
finding that the Experiment 1 personal best font variation was stable in 58% of participants
suggests that font personalization may have the potential to improve comprehension in
many students. Future research will investigate how stability and personal best fonts
change as children develop to help determine how often children’s font personalization
should be reassessed.

Our findings ultimately support the continued development of technology that will
determine the best font or font variation and automatically adjust across devices. Ad-
ditionally, we found that the least accurate readers benefited the most from font format
personalization in both experiments, which demonstrates that font format personaliza-
tion can improve reading comprehension accuracy even in children who struggle with
reading. Future research will investigate how additional font characteristics, including
size, stroke weight, and serifs, impact reading speed and comprehension in children across
multiple grades.

This study had several limitations. Our experiment was conducted completely online,
which allowed us to obtain a larger sample from across the United States but prevented
us from controlling certain aspects of the study such as the specific distance between
participants and their monitors. Nonetheless, the final sample size of n = 94 participants
was limited and may have had limited power to detect significant differences in outcomes
between fonts. There is also the possibility that timing is not as accurate in an online
study compared to one conducted in a more controlled laboratory environment. However,
crowdsourcing studies are increasingly becoming more popular [71], and a recent study
found that Gorilla, the software used in the current study, was one of the best-performing
software packages, with close to millisecond precision [72]. We had concerns about attrition
as we completed data collection completely online during the global COVID-19 pandemic.
Due to attrition concerns, we only collected data at one time point, which limited our ability
to assess more font variations in Experiment 2. As a result, we were unable to conduct
stability analyses in Experiment 2 to determine whether a participant’s personal best font
variation remained stable across multiple passages (across multiple sessions). We plan for
future research to include multiple data collection sessions to assess the stability of font
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variation personalization across time. Additionally, our Experiment 1 stability analysis
indicated that 58% of participants had a stable personal best font variation, which was
significantly higher than that indicated by chance, but we did not find a stable font variation
in 42% of participants. Future research will investigate whether manipulating additional
features (e.g., stroke weight, size) will result in a stable personal best font variation across
a larger portion of participants. Finally, we did not collect standardized reading and
language assessments of individual participants. Future research will collect these data to
be analyzed in conjunction with font personalization data.

Educational Impact and Implications—The Promise of Digital Technology

Our results indicate that personalizing font format can significantly improve reading
speed and comprehension in K-8 students. Given these findings, educational technology
and publishing companies should consider the development of font personalization tools.
The power of technology in education is its ability to provide impactful teaching and
learning tools to educators and students. Personalized digital text is just such an opportu-
nity. It is possible that offering font format personalization across multiple technologies
(e.g., e-readers, PDFs) could significantly improve reading outcomes in students across
multiple grades. Additionally, assessment tool companies should consider the possibility of
delivering more equitable testing by incorporating font variation personalization. Together,
we may be able to greatly increase the number of students who read at or above grade level
simply by offering font personalization options. In a world where reading comprehension
is an essential skill, font personalization has the power to affect many students’ lives when
they are in school and beyond.

5. Conclusions

Our results demonstrate that subtle typographic changes to font format can signifi-
cantly impact reading speed and comprehension. At the group level, inter-letter spacing is
particularly important to consider for both reading speed and comprehension. Additionally,
personalizing font variation significantly improves comprehension at the word level, and
exploratory analyses indicate that this may be true at the passage level as well. Younger
readers and children who struggled with the reading task especially benefited from font
variation personalization at the word and passage levels.

Educational technology, publishing, and assessment tool companies should consider
the development of font personalization features, which are currently unavailable for
many educational tools, to improve reading outcomes in children. Additional research
is required to fully understand the implications of font personalization in young readers.
Additional typographic features including font size, stroke weight, and serifs should be
investigated. Future research directions should also include developing rapid assessments
to identify personal best fonts and determining the stability of a personal best font as
children grow and develop more advanced reading skills. Supporting students with
personalized font recommendations has the potential to improve reading outcomes across
all students, including those who are just learning to read.
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