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High letter stroke contrast impairs letter recognition of bold fonts☆ 
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A B S T R A C T   

To make graphical user interfaces look more fashionable, designers often make use of high-stroke-contrast fonts. 
We are yet to understand how these fonts affect reading. We examined the effect of letter-stroke contrast on three 
bold fonts, one with extreme contrast between thick and thin strokes, one with no contrast, and one in between. 
The fonts were designed for this experiment to enable control of font variables. Participants identified the middle 
letter in a lowercase letter trigram in each trial, briefly presented in the parafovea (at 2◦ left and right of fixation) 
and at the foveal fixation point. There was evidence for letter recognition impairment for the font with high 
stroke contrast compared to the fonts with low and medium stroke contrast, while there was no significant 
difference in performance between the medium- and low-stroke-contrast fonts. The results suggest that bold fonts 
with high stroke contrast should not be considered for designs where letter recognition is a priority.   

1. Introduction 

As digital platforms such as highway displays, in-vehicle interfaces 
and various mobile devices depend on fast reading, it is of increasing 
importance to investigate a font’s glance-based legibility (Dobres et al., 
2017; Sawyer et al., 2017). 

Research shows that font styles come with certain semantic associ-
ations. This has been found in relation to both products (Doyle and 
Bottomley, 2004) and emotions (Brumberger, 2003; Juni and Gross, 
2008) and suggests that an organisation striving to communicate its 
values in a visual language can do so through its choice of font. A font 
style that is widely used for the purpose of expressing specific values is 
the one known as ‘Didone’ or ‘Modern’ (Fig. 1). It is a style with high 
contrast between thinner and thicker letter parts that originated during 
the period of neoclassicism (for a thorough review of the development of 
the Didone style, see Beier, 2017). Today, Didone style fonts are often 
used in association with high-end fashion and luxury brands. 

However, the visual expression of graphical interface designs has to 
maintain a fine balance between the need for visualising the artistic feel 
of an organisation’s visual identity and support for the perceptual and 
cognitive functions of reading and page navigation. 

Multiple experiments within design and vision research have 
demonstrated that font style can affect both letter and word identifica-
tion. Examples include serifs at vertical extremes improving distance 
letter recognition (Beier and Dyson, 2014), small-size sans serif resulting 

in faster reading speed (Morris et al., 2002), simple letter shapes causing 
faster recognition of trigrams (Beier et al., 2018), and greater letter 
differentiation improving letter recognition (Beier and Larson, 2010; 
Bernard et al., 2016). One typographical feature that is yet to be 
investigated is the impact on the perception of bold fonts of high stroke 
contrast on letter recognition. 

1.1. The two-stage model of visual processing 

Reading is a complex operation in which words and sentences are 
recognised based on parallel operations of lower-level identification of 
letters and of higher-level syntactic and semantic processes (Coltheart 
et al., 2001; Pelli and Tillman, 2007). The main focus of the present 
paper is on crowded letter identification. 

There is a general consensus within vision science that supports a 
two-stage model of visual letter processing. The first stage concerns in-
dependent feature detection, while the second concerns the integration 
of features into an overall perception of the letter (Levi, 2008; Pelli et al., 
2003, 2006). Letter recognition is a central part of reading (Coltheart 
et al., 2001; Pelli et al., 2003), and has led to multiple experimental 
investigations drawing on letter identification paradigms to better 
inform our understanding of how we read (Bernard et al., 2016; Coates 
et al., 2019; Morin Duchesne et al., 2014; Ngiam et al., 2018; Pelli et al., 
2006). In the search to identify the letter parts that are essential for letter 
and word identification, several studies have looked into removing parts 
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of the letter stimuli (Fiset et al., 2008; Lanthier et al., 2009; Petit and 
Grainger, 2002; Rosa et al., 2016). These studies tap into the first stage 
of visual processing of feature detection. Although there is little 
consensus about which of the removed parts impair recognition the 
most, studies that compared stimuli with and without removed letter 
parts found that eliminating letter features generally had a negative 
effect on identification (Lanthier et al., 2009; Rosa et al., 2016). 

Letter crowding is the phenomenon popularly described as the 
presence of neighbouring letters severely impairing the recognition of a 
target letter (Bouma, 1970). It is believed to be one of the most funda-
mental bottlenecks for visual word recognition and reading rate (Levi, 
2008; Pelli et al., 2007; Pelli and Tillman, 2008). While crowding can be 
found in the fovea at very small font sizes (Coates et al., 2018), it is often 
found in the periphery, as the magnitude of the crowing effect increases 
with eccentricity (Chung and Legge, 2009; Yu et al., 2014). A new font, 
designed so as to reduce crowding, was found to facilitate both pe-
ripheral crowded letter recognition in trigram whole-report paradigms 
and peripheral word recognition in lexical decision paradigms for the 
same reason; specifically, in direct support of theories that describe 
letter recognition as a necessary step for word recognition, researchers 
found that it was the same letters that were vulnerable to confusion 
during the crowded letter recognition task and the word recognition 
task, and that reducing letter confusability due to crowding increased 
legibility of both letters and words in both paradigms (Bernard et al., 
2016). 

According to the two-stage model of visual processing, crowding 
does not affect the first stage of feature detection. At the second stage, 
the feature integration is disproportionally large, which may result in a 
mistaken integration of neighbouring letter parts (Pelli et al., 2004). 
Both letters and letter features may mistakenly migrate when affected by 
crowding. This phenomenon of neighbouring features grouping and 
being mistakenly identified as a non-existing third letter is known as 
‘illusory conjunction’ (Pelli et al., 2004; Treisman and Schmidt, 1982). 
The feature transposition occurs even when whole-letter transposition 
does not take place (Coates et al., 2019). Such findings suggest that a 
font style that is vulnerable to letter part fragmentation will have a 
greater tendency to letter part migration and poor letter recognition. 
One font style that could be expected to cause letter part fragmentation 
is that of high stroke contrast. 

1.2. Fovea and parafovea 

In sentence reading, one simultaneously draws on information from 
different retinal locations (Clifton et al., 2016; Shepherd et al., 1986). 
The greater the number of characters recognised in the periphery, the 
faster the reading speed (Legge et al., 2007). The visual periphery is 
further essential for those who suffer from central (foveal) vision loss, 
which is a well-known result of age-related macular degeneration 
(AMD), and the most common vision impairment of people above the 
age of 60 in the developed world (Wong et al., 2014). 

Fonts that facilitate peripheral recognition could, therefore, lead to 
better reading for both normal vision and AMD readers and that to 
investigate letter identification in relation to reading, one would need to 
include multiple retinal locations in the experiment. 

1.3. Letter stroke boldness 

In addition to the Regular font weight, well-equipped font families 
contain styles of both Italic and Bold weights, with many newer variable 
fonts including several levels of boldness, ranging from Medium to Ultra 
Black. When the same amount of blackness is added throughout a letter 
stroke, it can result in the poor distribution of the black and white sur-
face areas, which may impair reading performance (Bernard et al., 
2013). To avoid this, the designer will focus on producing the optimal 
distribution of black and white within each letter, which typically results 
in letters such as ‘a’, ‘e’, and ‘s’ having greater contrast between the thin 
and thick letter parts compared to both their Regular counterparts and 
the other letters within the font (Unger, 2018, p. 112). This is done to 
avoid having the white surface area inside of letters perceptually 
disappear. 

Due to the darker surface area, bold fonts can work well for text 
emphasis (Bateman et al., 2008) and for reading with low luminance 
contrast between text and background (Burmistrov et al., 2016). Texts 
presented at acuity limit are more easily identified when set in bold fonts 
compared to regular-weight fonts (Beier and Oderkerk, 2019; Kuntz and 
Sleight, 1950; Sheedy et al., 2005), while both Light (s/w ratios of 1:20) 
and Ultra Black (s/w ratios of 1:2.5) weights impair recognition at all 
font sizes (Beier and Oderkerk, 2019). Experiments involving lexical 
decision tasks displaying high luminance contrast stimuli above the vi-
sual acuity limit find no benefit of greater letter-stroke boldness (Dobres 
et al., 2016; Dyson and Beier, 2016). This suggests that the effect of 
boldness is closely related to the reading situation. 

Except for Sheedy et al. (2005), who looked into the collective effect 
of boldness in six different font families, the remaining experiments on 
boldness mentioned above have employed test fonts of low stroke 
contrast, with no examples of boldness involving high stroke contrast. 

1.4. Variations of boldness 

Serif fonts traditionally have a relatively high stroke contrast, while 
the tradition of sans serif fonts is to have a low stroke contrast (Fig. 2). 
Although Miles A. Tinker never directly investigated the effect of letter 
stroke contrast, the prolific legibility researcher raised a concern with 
both extremes. He argued that the ‘tendency to use hairlines to form a 
part of certain letters should be strongly condemned’ (Tinker, 1964, p. 
36), as he expected that a thin crossbar in ‘e’ would produce more 
frequent misreadings for ‘c’. For the low stroke contrast, he found that 
‘an unduly thick horizontal stroke infringes on the enclosed space and 
therefore reduces legibility’ (Tinker, 1964, p. 36). If we follow Tinker’s 
line of thought, fonts of low stroke contrast may cause the white areas 
within the letter to become too small for identification; this was later 
demonstrated to be true in relation to reading speed by Bernard et al. 
(2013), while for fonts of thin hairlines, the thin part of the letter risks 
disappearing. There are multiple examples of typography scholars 
expressing the historical dislike of fonts with hairline strokes, arguing 
that they lack good legibility due to the heavy contrast between thick 

Fig. 1. In the Vox font classification system, fonts of the neoclassical era are 
categorised as Didone. One example is Linotype Didot Bold (left), which was 
inspired by the work of Firmin Didot (1764–1836). Another example is ITC 
Bodoni Six (right), which was inspired by the work of Giambattista Bod-
oni (1740–1813). 

Fig. 2. As highlighted in the letter ‘e’, the bold weight of the font family 
Helvetica has a lower contrast between thin and thick strokes than the bold 
weight of the font family Times New Roman. 
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and thin strokes (Dwiggins, 1947; Gill, 2001; Goudy, 1963). However, 
the negative effect of thin hairline strokes is yet to be empirically veri-
fied, as most prior investigations involving letter stroke boldness have 
focused on low-stroke-contrast fonts. Following this, we hypothesised 
that bold fonts of very high stroke contrast may impair letter recogni-
tion. If the hypothesis is unsupported, it would suggest that high contrast 
does not impact letter recognition and that it does not cause letter parts 
to break up and migrate. We aimed to identify the effect of the different 
styles of adding weight to bold fonts and how this influences letter 
recognition. 

2. Experiment 

2.1. Material and methods 

2.1.1. Participants 
A total of 24 participants took part in this study, their ages ranging 

from 20 to 35 (Mage = 25.9 years, SD = 4.61 years, 16 women). Two 
participants were excluded because they were unable to complete the 
experiment. All self-reported normal or corrected-to-normal vision. The 
experiment was advertised through the participant recruitment website 
Forsoegsperson.dk. Participants received a gift card of DKK 300 (about 
USD 50) for participation. We obtained written informed consent from 
all participants after explaining the experiment both verbally and in 
writing. The research followed the tenets of the Declaration of Helsinki 
and The Danish Code of Conduct for Research Integrity. 

2.1.2. Apparatus 
The experiment was created using the software OpenSeame 3.2 

(Mathôt et al., 2012) and presented on a backlit 17-inch IBM/Sony CRT 
monitor (refresh rate = 85hz, resolution = 1024 × 768) in a darkened 
room. The stimuli were presented as dark text (#000000) on a light 
background (#DADADA). The distance between the participant and the 
monitor was maintained by the use of a chinrest with a forehead strap. 

2.1.3. Test material 
The three test fonts designed for this experiment all originate in the 

font family KarloTest, we chose this font family in part because we had 
permission to alter it and in part because the width and letter skeleton 
have conventional proportions. All fonts had identical vertical letter 
axes, meaning that for the letter ‘o’, the thinnest part was always at the 
top and bottom of the letter; they all had identical vertical and hori-
zontal proportions, meaning that they took up the same amount of space 
on the line of text; and they have all been adjusted to have the same 
amount of perceptual boldness (the thicker parts of the low-stroke- 
contrast font are thinner than the thicker parts of the High-stroke- 
contrast font). The main variation between the three test fonts was the 
level of letter stroke contrast, which affects the distribution of black and 
white surface areas. One font had high stroke contrast (High); another 
had low stroke contrast (Low); and the third had medium stroke contrast 
(Medium), which was the result of interpolation between the two ex-
tremes (Fig. 3). By isolating the typographical variable of letter stroke 
contrast from all other typographical variables, we ensured that findings 
would relate to this specific visual feature that we were interested in and 

not any other visual difference that typically exists between different 
font styles. 

The ratio in the three fonts was measured based on the thinnest part 
of the ‘o’ and the height of the ‘l’. The stroke/height (s/h) ratio of the 
High font was 1/30; of the Medium font, it was 1/10; and of the Low 
font, it was 1/5. 

2.1.4. Stimuli and task 
The experimental paradigm was based on the methodology by Beier 

et al. (2018). Participants took part in a partial report trigram recogni-
tion task, where they were shown a string of three letters and were asked 
to report only the middle letter. The experimental session was split up 
into two near-identical sessions that differed on the retinal location of 
the stimulus. In the parafoveal session, stimuli were presented at 2◦ left 
or right side of the fixation circle while the participant was seated 200 
cm from the monitor. In the foveal session, stimuli were presented at 
central fixation while the participant was seated 350 cm from the 
monitor. In order to compare foveal and parafoveal eccentricities 
without incurring floor or ceiling effects, task difficulty was controlled 
through the use of an adaptive staircase procedure, described below, 
which determines the stimulus x-height for the foveal and parafoveal 
sessions separately. 

A central fixation cross (120px by 120px, 0.63◦ at 200 cm and 0.36◦

at 350 cm) was presented at the start of a trial for a variable duration of 
1300 ms, with a jitter of ±300 ms. This was immediately followed by the 
trigram stimulus, shown for 200 ms and consisting of a string of three 
letters, all of which were presented in one of the three font conditions 
that had either High, Medium, or Low stroke contrast. The central letter 
of the trigram appeared at 2◦ left or right of the fixation circle, in the 
parafoveal session or at central fixation, in the foveal session. The letters 
that made up each trigram were chosen from 16 lowercase letters, 
broadly representing the different letter structures of the alphabet (a, d, 
e, f, g, h, k, m, n, o, p, r, s, t, u, and y), without replacement, such that 
every letter occurred in every position of the trigram equally often. A 
backwards mask, consisting of a rectangular noise patch of variable size 
that covered all three letters of the trigram followed the stimulus for 500 
ms, after which participants could report central trigram letter, if they 
were able, using the keyboard, and then continue to the next trial by 
pressing the space key. As participants had been instructed to fixate on 
the fixation cross in the centre of the screen, they were told that they 
could report gaze shifts away from the fixation cross by reporting any of 
the numbers on the keyboard instead of the stimulus letter they might 
have seen. These trials would later be discarded. After a participant 
ended the trial, they were immediately presented with feedback for 500 
ms. The feedback informed them whether they were correct (Correct) or 
wrong (Wrong) or showed a dash if they either reported an eye move-
ment or failed to report a letter. 

In every block, each of the three fonts was presented in random order 
16 times, for a total of 48 trials per block. The foveal and parafoveal 
sessions each consisted of 6 test blocks of 288 test trials, one practice 
block of 48 trials, and the staircase procedure described below. 

2.1.5. Adaptive staircase procedure 
Task difficulty was controlled by determining the x-height of the 

stimulus letters using a staircase procedure adapted from the accelerated 
stochastic approximation (Kesten, 1958; Treutwein, 1995). The stair-
case procedure took place at the beginning of the foveal and parafoveal 
sessions and employed the same trigram recognition task and trial 
outline as the subsequent practice and test blocks, with the exception 
that stimulus letters in the staircase procedure were presented only in 
the font of Medium stroke contrast and that the x-height of the stimulus 
letters changed between trials, depending on the accuracy of the par-
ticipant’s responses. 

The task thus grew more difficult after every correct response, as the 
x-height decreased, and easier after every incorrect response as the x- 
height grew larger. In order to make finer adjustments to the x-height, 

Fig. 3. The three text fonts designed for the experiment. The fonts have iden-
tical letter proportions; the only variation between the fonts is the nature of the 
letter stroke boldness. 
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the size with which the x-height changed between trials, also referred to 
as the step size, decreased after a shift in response category occurred (i. 
e., from correct to incorrect or vice versa). This meant that the x-height 
would continue to increase with constant step size, as long as the 
participant continued to fail to report any target stimuli correctly. 

In order to allow participants to grow accustomed to the experi-
mental paradigm, there was no change in x-height for the first eight 
trials of the staircase procedure, during which stimuli were presented at 
an x-height of 0.16◦ when presented in the fovea at a distance of 350 cm 
and 0.28◦ in the parafovea at 200 cm distance. After the first eight trials, 
the x-height was determined through, 

xn+1 = xn −
c

mshift
(zn − 0.50), 1  

where n is the current trial number (excluding the first eight trials), xn is 
the x-height of the current trial, xn+1 is the x-height of the subsequent 
trial, mshift is the number of shifts in response category that occurred 
after the first eight trials (from correct to incorrect or vice versa), zn is 
equal to 1 if the response for the current trial is correct and 0 if the 
response in the current trial is incorrect, c is the initial step size of 0.11◦

at 350 cm distance or 0.19◦ at 200 cm distance. The final response ac-
curacy was based on the methodology previously used by Beier et al. 
(2018), such that the staircase was terminated after 19 reversals, which 
yielded a response accuracy of approximately 50% (foveal x-height 
average: 0.10◦ (33.81 pixels); STD: 0.03◦ (9.56 pixels); range: 
0.07◦–0.21◦ (24–70 pixels); parafoveal x-height average: 0.23◦ (43.50 
pixels); STD: 0.05◦ (10.5 pixels); range: 0.14◦–0.37◦ (26–71 pixels)). 

3. Results 

Trials in which participants reported eye movements towards the 
stimulus were excluded from analysis (1.31% of parafoveal trials). Using 
a 3 (font condition: Low, Medium, High) x 2 (location condition: 0◦and 
2◦) repeated-measures ANOVA on mean accuracy, we found a large 
main effect of font condition, F(2, 42) = 42.76, p < .001, ηp2 = 0.073. 
We found no significant effect of location, F(1, 21) = 2.51, p = .128, ηp2 

= 030, nor did we find a significant interaction between font and 
location, F(2, 42) = 2.32, p = .110, ηp2 = 0.07. 

Post hoc paired t-tests, corrected for multiple comparisons using the 
Bonferroni correction, showed that mean accuracy for the font of High 
stroke contrast was significantly lower than the Medium font, t(21) =
8.42, p < .001, d = 1.795, decreasing by 3.12%, and the Low font, t(21) 
= 8.72, p < .001, d = 1.859, decreasing by 15.23% (Fig. 4). The Medium 
font, however, was not significantly different from the Low font, t(21) =
1.66, p = .334, d = 0.354. 

4. Discussion 

By measuring the effect of font contrast on letter identification of the 
middle letter within a three-letter string, we found that glance-based 
crowded letter recognition is negatively affected by the font of High 
stroke contrast, which resulted in inferior performances compared to 
fonts of Medium and Low stroke contrast. There was no further signifi-
cant difference between the performances of the Low and Medium 
contrast fonts. The findings support the hypothesis in demonstrating 
that high stroke contrast impairs letter recognition. In order to compare 
the effects of stroke contrast in the fovea and the parafovea, we 
controlled task difficulty across retinal locations by employing two 
adaptive staircase procedures that determined stimulus x-heights sepa-
rately. For this reason, there was no effect of retinal locations, as the 
resulting size of parafoveal stimuli was just over two times larger, on 
average, than the foveal stimuli. Likewise, we did not find that the ef-
fects of stroke contrast differed between the fovea and the parafovea. 

We speculate that the thin hairline strokes caused the poor perfor-
mance of the font of high stroke contrast and that it resulted in negative 
effects on recognition at both stages of the two-stage model of visual 
processing. At the first stage, the thin strokes of the High-stroke-contrast 
font were less visible to our participants, which made it difficult to 
identify all letters features. As only detected features are available at the 
second stage of visual processing (Pelli et al., 2006), the undetected 
letter features of the High-stroke-contrast font would cause difficulties 
for the remaining detected features to connect into letters. Due to the 
effect of crowding, unconnected features would have a greater risk of 
mistakenly integrating with neighbouring letter features. 

Some of the specific reading situations that would directly benefit 
from great letter recognition are password setting, reading of street, and 
road signs with unfamiliar place names and letter and number coding in 
complex wayfinding and navigation systems. In addition to this, all 
general reading situations could indirectly benefit. Reading is known to 
be based on the three processes of letter, word, and sentence identifi-
cation. In a measure of reading speed where the three processes were 
isolated from each other, it was shown that the process of letter iden-
tification was the strongest factor, accounting for 62% of the reading 
rate, with holistic word recognition and contextual sentence processing 
accounting for respectively 16% and 22% of the total reading rate (Pelli 
and Tillman, 2007). Improving low-level letter identification, and thus 
the reading speed for letters, would improve reading speed in general. 
That being said, great letter identification is not inherently identical to 
great word identification. The process of drawing on the phonological 
and lexical levels, themselves activated at the word level (Rumelhart 
and McClelland, 1982), benefits from letters within words being pre-
dictable and formed of familiar word units (Sanocki and Dyson, 2012). 
As the stimuli letters of our experiment were both predictable and 
familiar in shape, we expect no negative effects on the word units, which 
suggests that the findings are also relevant for the word and sentence 
reading. 

The most popular approach in the measurement of font style effects 
on reading is to compare performances using fonts of different font 
families. As multiple variables vary between different font families, we 
argue against this methodology, because it fails to isolate important 
variables within the fonts. Any difference between such fonts can only 
be attributed to those specific fonts and cannot be transferred to other 
fonts in general. The experimental paradigm of our experiment aimed to 
isolate one typographic variable with minimal interferences from other 
variables. Although the only claim we can make with certainty is that 
the measured effect is valid in relation to the tested font family, it fol-
lows from the chosen approach that the findings may possibly be 
generalized to other fonts as well. 

5. Conclusion 

The data showed that while there was no significant difference 

Fig. 4. Mean recognition for the tested fonts showing the fovea and parafovea 
presentations collectively. Error bars represent standard deviation. The stars 
highlight significant differences. 

S. Beier and C.A.T. Oderkerk                                                                                                                                                                                                                



Applied Ergonomics 97 (2021) 103499

5

between bold fonts of low letter stroke contrast and medium letter stroke 
contrast, in comparison, a bold font of high letter-stroke contrast 
impaired crowded letter recognition. These results follow previous ef-
forts in showing that font characteristics affect reading and suggest that 
in reading situations where time is a limiting factor and in a reading 
environment of smaller font sizes, choosing high-stroke-contrast fonts 
can have a negative impact on the functionality of the interface design. 
While it may be valid to create eye-catching interfaces using sophisti-
cated font styles with thin hairlines to enhance certain semantic asso-
ciations, this approach needs to be balanced against the function of 
operating the device, which ideally should work without negative in-
terferences from stylistic font choices. 

By demonstrating performance differences between different styles 
of font boldness, the result informs developers of the value of avoiding 
the use of high-stroke-contrast fonts when letter recognition is of 
importance. 
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