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Abstract—Keyboard usage is an important aspect of accessing
the web, as it is an interface supported by a wide range of
accessible technologies, providing flexibility for those who cannot
use point-and-click interfaces. However, navigating the web with
a keyboard is not always easy. In this paper, we present a
quantitative look at the disparate experiences that keyboard users
face when interacting with web applications (apps) compared to
what is perceived as the ‘“standard” conventional mouse-based
interaction. Specifically, we assess the effort required to navigate
web apps using the keyboard and examine how the web User
Interface (UI) behaves differently for keyboard and mouse users.
We implemented and ran a keyboard-based UI crawler on a large
set of web Uls, and analyzed the keyboard navigation patterns
from the perspective of keyboard users. Our findings highlight
significant disparities, revealing common obstacles that keyboard
users face when performing basic tasks on web apps.

Index Terms—Keyboard Navigation, User Experience, Empirical
Study, Keyboard Accessibility, Web Accessibility, Interaction
Cost.

I. INTRODUCTION

The web is an integral part of our life, enabling communi-
cation, entertainment, socializing, studying, and work through
web applications (apps). Ensuring accessibility to web apps is
essential for everyone, including individuals with disabilities.
Prioritizing web accessibility not only helps companies meet
legal and ethical requirements but also enhances user expe-
rience and inclusivity. Standards such as the Americans with
Disabilities Act (ADA) and laws around the world provide
guidelines to support accessibility efforts [1]-[5]. However, for
the 16% of the global population with disabilities, navigating
the web can still present significant challenges [6].

Web users with limited vision or motor abilities who cannot
use point-and-click or touch devices rely on alternative nav-
igation methods. The World Wide Web Consortium (W3C)
identifies the keyboard as the most universally supported
input method for people with disabilities [7]. When content
can be navigated using a keyboard, it becomes accessible
via Assistive Technologies (ATs) such as speech input, sip-
and-puff switches, voice controls, and scanning software, all
simulating keystrokes [8]-[10]. No other input method offers
this flexibility, making keyboard access to web User Interfaces
(UIs) a critical aspect of accessibility.
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Despite the importance of keyboard usage [11], the web
remains largely unfriendly to keyboard users. Many web apps
contain accessibility barriers; up to 48% of popular sites lack
keyboard access, often causing frustration or fatigue for users
with disabilities [10], [12], [13]. For example, interactive ele-
ments that can be accessed with a mouse may not be reachable
via the keyboard. Even in the cases where the interactive
elements are reachable, simply entering a search term and
navigating to the first result can take tens of keystrokes [14].
These keyboard barriers hinder the usability of the web and
negatively affect the web navigation experience of those who
rely on the keyboard interface or ATs.

Existing research on web keyboard usage primarily focuses
on identifying various accessibility violations in web apps
(e.g., [12], [15]-[19]). While this research helps ensure com-
pliance with accessibility standards, no study has measured the
impact of keyboard navigation on users in terms of effort and
available UI interactions. Several studies have attempted to
evaluate how users effectively interact with web apps through
various interaction modalities such as snapshot-based inter-
action [20], facial expression, and emotion recognition [21],
[22]. These studies, however, do not address keyboard-based
modalities. Therefore, a gap remains in understanding the
effort required to navigate and interact with a web app using
a keyboard and the differences in UI behaviors compared to
mouse interaction.

To better understand keyboard navigation in web apps, we
conducted an extensive empirical study on popular websites to
measure and analyze their keyboard navigation. Specifically,
our study examined the effort required for keyboard navigation
and interactions versus that of mouse interactions and the
discrepancies in Ul behaviors between these two modalities.
Our results revealed stark differences: on average, keyboard
users required seven times more time than point-and-click
users needed to complete the same task. Additionally, over one
in seven pages contained Ul behaviors that were inaccessible
or unavailable to keyboard users, including submitting forms,
accessing drop-down menus, or triggering dynamic compo-
nents. Based on these observations, our findings highlight
design patterns and anti-patterns that can guide developers
improve keyboard navigation in web apps.



In summary, this paper makes the following contributions:

¢ We conducted an extensive empirical study of 216 popu-
lar websites, quantifying the interaction costs and differ-
ent behaviors of keyboard navigation compared to mouse.

o As part of the effort, we developed Krawler, a novel
keyboard-based web crawling infrastructure that models
user interactions via a graph-based Keyboard Experience
Representation (KER), enabling large-scale, automated
analysis of keyboard navigation across web apps.

« We identified design patterns and anti-patterns that affect
interaction cost, offering actionable insights for improv-
ing keyboard accessibility in modern web interfaces.

II. OVERVIEW OF THE STUDY

The goal of our study is to investigate and understand the
differences in users’ experiences when interacting with a web
app using a keyboard-based (KB) interface versus a point-
and-click (PNC) interface. Fundamentally, the two modalities
are very different. A PNC user (typically using a mouse) can
simply click on any element in a web page to activate or
interact with it. In contrast, KB users must press the
key' to move the keyboard focus forward (or + to
move the keyboard focus backward) to reach an element
they want to interact with (i.e., if a user is currently on
element n and wants to interact with element n + ¢, then
the user must press the 1 times until focus reaches that
element.) Once an element has focus, a KB user can use a

standard set of keys: arrows to navigate

within groups of elements (e.g., menus, radio buttons);
or to activate elements; and to exit prompts or
dialogs [24]-[27]. Although these modalities use different
interactions, they both aim to make the web equally accessible
and usable. The keyboard interface plays a crucial role in
ensuring accessibility, yet the interaction costs it imposes are
less understood—an aspect that this study aims to address.
For instance, while a website may allow navigation via the
keyboard, the nature of the designed keyboard interface can
make even simple tasks require significantly more effort. An
example of this would be a news website where a mouse user
can open an article with a single click, whereas a keyboard user
must press multiple times to navigate through menus, ads,
and other links before reaching it. Such challenges highlight
the gap between accessibility compliance and the accessibility
interaction cost for KB users.

In this study we focus on two aspects of accessibility interac-
tion cost: (1) the effort required to navigate and interact with
a web app’s UI, and (2) the number of UI inconsistencies that
emerge—or even break—when using KB navigation instead
of a traditional PNC approach. To address these two aspects
of accessibility interaction cost, our study investigates the
following three research questions (RQs):

!Findings from the Web Accessibility Survey show that 93.5% of KB users
rely on the key for navigation [23].

RQ1 What is the accessibility interaction cost for keyboard-
based users to navigate and interact with a web page?

RQ2 What effort is required for keyboard-based users to
complete typical use cases in web apps?

RQ3 What are the differences in UI behavior when interacting
with a web page via the keyboard versus the mouse?

A. Selection of Subject Web Apps and Pages

Our study evaluates these RQs on a broad sample of pop-
ular web apps. To identify our sample, we started with the
top 1,000 most popular websites from the Tranco list [28]
(February 2 2025). From this list, we removed: 11 subjects
focused on adult content [29]; 303 subjects with expired
SSL certificates; 66 subjects flagged as malicious in Virus-
Total [30]; and 69 subjects that were locale-based variants
(e.g., amazon.com, amazon.it), retaining only the highest rank
variant. To ensure reproducibility of our results, we also
excluded 59 subjects that could not be cached automatically
(due to bot protection mechanisms such as Captchas). From
the remaining 492 subjects, we randomly selected 216 subjects
using Cochran’s formula with 95% confidence and 5% margin
of error [31]. The sample covers diverse web app categories:
News (24), Entertainment (17), Shopping and Travel (22),
Social Media (5), Services (72), Business (37), Education and
Science (23), Government (11), Healthcare (3), and Financial
Platforms (2). Table I shows ten representative websites from
our sample. The table presents the website URL, its category,
Tranco ranking, and the number of interactive elements (IE),
where IE refers to any web page components—such as buttons,
links, or form fields—that users can interact with to perform
an action. The complete list of websites is available in our
replication package [32].

For RQI1 and RQ3, we analyzed the initial page (homepage)
of each subject, as it is the main entry point from which users
navigate to key pages (e.g., login, ordering, etc.). This focus
ensured consistency and feasibility across our subjects while
still capturing a representative view of each subject’s keyboard
navigation accessibility. For RQ2, we conducted the analysis
at the use case level (e.g., ordering a product), which may
span multiple web pages starting from the homepage.

TABLE I
TEN EXAMPLE WEBSITES FROM OUR SAMPLE DATASET
Ranking URL Category IE
13 https://www.instagram.com  Social Media 138
30 https://www.wikipedia.org  Education and Science 174
147 https://www.nist.gov Government 56
151 https://www.paypal.com Financial Platforms 77
265 https://booking.com Shopping and Travel 224
278 https://www.nvidia.com Business 352
438 https://www.autodesk.com  Services 62
482 https://www.duolingo.com  Entertainment 185
574 https://www.nbcnews.com News 106
627 https://www.mayoclinic.org  Healthcare 333




B. Research Protocol Overview

At a high level, evaluating our study’s RQs requires comparing
user interactions between PNC and KB users. To do this for
our subjects, we employed automated web crawling techniques
to capture information about each of the subjects. For comput-
ing information from a PNC user’s perspective, we conducted
a comprehensive review of available web crawling solutions.
These crawlers simulate mouse navigation by clicking or
hovering over the interactive elements of a web page to
capture the different UI states. During this process, we found
that several tools were no longer maintained, accessible, or
functioning properly [33]-[39], while others produced incom-
patible output that made comparison difficult [40]-[43]. We
successfully customized two web crawlers, Crawljax [44], and
Qualstate [45], to capture PNC user interactions. However,
comparable techniques for KB crawling do not exist; thus, in
Section III, we present Krawler, our KB crawling infrastruc-
ture for comparable data collection.

C. Experimental Testbed

Our experiments were browser-based, with tools automati-
cally launching the respective browser on each Operating
System (OS). We utilized Ubuntu 20.04 LTS, Windows 10 Pro
19045.5854, and macOS Sequoia 15.1 with Google Chrome
133.0.6943.54, Mozilla Firefox 0.35.0, and Microsoft Edge
132.0.2957.127. All experiments were systematically per-
formed for all OS-browser combinations using Krawler, Qual-
state, and Crawljax, with identical browser versions across
systems to ensure comparability.

III. KEYBOARD-BASED WEB CRAWLING ARCHITECTURE

Developing a crawler that can capture keyboard interaction
data for a given web page is essential for our empirical study.
A key challenge in computing this information is that inter-
active elements and their responses cannot be inferred from
the source code due to modern web pages’ dynamic nature.
To address this, we designed Krawler to be a dynamic KB
web crawler that systematically interacts with all elements in
a web page and records the interaction results in a model that
we can use later to compute the relevant keyboard interaction
statistics.? In this section, we describe the model and formally
define Krawler’s crawling algorithm.

A. Modeling Keyboard Navigation

For a given Page Under Test (PUT), Krawler builds a graph
model of KB navigation and interactions, analogous to how
traditional crawlers capture this information for a PNC user.
We call this model a Keyboard Experience Representation
(KER). Figure 1 shows an example and its corresponding Uls.

We define the KER as a set G of UI states that the PUT can be
in. A UI state is defined as a unique set of visible interactive

2The source code of Krawler is at: https:/github.com/USC-SQL/krawler

elements on the PUT, representing different configurations of
interactive elements as encountered through keyboard navi-
gation. Each Ul state ¢ € G is represented as a directed
graph g = (V, E, vy) where V is the set of nodes representing
interactive elements in the Ul state; E is the set of directed
edges that define KB navigation flows between elements in V;
and vy is the entry node, representing the element that initially
receives keyboard focus in the UI state.

Edges of KER—The edge set E represents the keyboard
navigation flows triggered by keyboard actions ® (i.e.,
S [ (1[5 L) L) (Emer, (Spae], o). he
standard keyboard actions defined by the W3C Authoring
Practices [46]. A directed edge ¢ € E is a tuple (v, d, v¢)
which represents that pressing a key ¢ € @ shifts focus from
vs to vy with vg,v; € V. Edges can be either inter-state or
intra-state. Inter-state edges indicate actions that create a new
Ul state g/, where the target node v; is in g’ and becomes the
new state’s entry node vg. Intra-state edges occur when no
new state is created as a result of the key press. If an action
does not shift focus (e.g., pressing to select a box), a
self-edge is created.

In Figure la, pressing on the Log In link (go) opens the
“Log In” UI (g1). This is modeled in the KER (Figure 1b),
where the inter-state edge transitions from state gg to g;.

B. Building the Keyboard Experience Representation (KER)

To build the KER, Krawler dynamically explores the UI of a
given PUT using ®. The high-level intuition of this process
is to iterate over all the interactive elements V' in the PUT
and execute all the keyboard operations ¢ on each element to
identify keyboard navigation. During this process, whenever
a UI state changes—such as expanding or collapsing menus,
switching tab panels, or triggering dialogs—Krawler continues
modeling keyboard navigation within the new state. This
process repeats until all possible UI states have been explored.
Algorithm 1 shows the process of creating the KER for a PUT.

The algorithm begins with an empty set of UI states G (line
1) and uses a worklist to process newly identified Ul states
(line 2). The worklist contains a set of edges, each in the form
(v, ¢,v"), representing the transition to a particular UT state.
The worklist starts with the edge (line 5) that transitions to
the initial Ul state gy after loading the PUT. When an edge
€ is processed from the worklist, the approach first crawls to
the new UI state g where e.v; resides (line 9), then builds the
node set ¢g.V (line 11) by rendering the PUT in the browser
and analyzing its rendered Document Object Model (DOM)
to identify its visible interactive HTML elements.

The algorithm then crawls the UI to explore all possible
keyboard navigation paths by triggering every keyboard action
¢ € ® on each interactive element (line 14). Each time ¢ is
triggered, the approach observes the browser’s focus shift and
the resulting UI state, then creates a directed edge represent-
ing the transition (line 16). The approach then analyzes the
resulting UI state by rendering the PUT in the browser and
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Fig. 1. A simplified version of the KER (right) with its corresponding UI states (left).

examining its DOM to identify each visible interactive element
(line 17). If the resulting UI state is new, the approach adds the
newly created inter-state edge to the worklist (line 18). If no
new UI state results from executing the action ¢, an intra-state
edge is created as part of the existing state’s edge set (line 19).
This construction process iteratively explores all possible Ul
states of the PUT and their keyboard navigation paths until
the worklist is empty (i.e., the graph reaches a fixed point).

Algorithm 1 Building the KER Graph

Input 1: Page Under Test (PUT)
Input 2: &: Keyboard navigation buttons
Output: KER: Keyboard Experience Representation

1: Initialize G <+ 0

2: Initialize worklist + ()

3: go < initial state of PUT after page load

4: vo < initial node in go to receive focus after page load

5: add initial edge (null, €, vo) to worklist

6: Initialize FEiired =

7: while worklist is not empty do dequeue edge € in the form
<’l)5, é, Ut)

8: if € € E,jsieq continue

9: g < set state with e.v; /*state currently in construction process*/

10: add g to G
11: for all v € g.V do

12: for all ¢ € ® do

13: set v to focus

14: execute ¢ on v and save new UI state as g;

15: v’ < node currently in focus in g;.V

16: create new edge e as (v, p,v’)

17: if g.V # g;.V then

18: add e to worklist /*inter-state edge for exploration*/
19: add e to g. &

20: add e to Eyisiea
21: return (G, vo)

IV. RQ1: WHAT IS THE ACCESSIBILITY INTERACTION
COST FOR KEYBOARD-BASED USERS TO NAVIGATE AND
INTERACT WITH A WEB PAGE?

The goal of RQI is to evaluate web accessibility for KB
users by measuring (1) the keystrokes required for a full-page
traversal and (2) the ability to interact with all elements. A

full-page traversal enables users with visual impairments to
discover all content and interactive elements available via the
keyboard. Interaction with all elements measures the ability to
activate or manipulate an element rather than navigate to it.

A. Protocol

To measure full-page navigation and interactivity, we executed
Krawler on the homepage of each of the 216 subjects and
analyzed the intra-state edges of the resulting KERs. For (1),
we defined a full-page iteration as the number of intra-state
edges labeled with or 3 that must be followed from
the starting element (vg) until returning to vg. For (2), to
activate each interactive element o € V, we measured the
number of intra-state edges needed to reach and activate «
from vy. We then averaged this value across all interactive
elements on the page. This metric has been used in related
work for measuring UI task efficiency [47]. In cases where
a “skip content” link was identified—features that enable
keyboard users to bypass certain parts of the Ul and jump
directly to another section—we computed (1) and (2) twice:
once without following its activation edge and once after
following it, to provide a holistic view.

In this process, we encountered anomalous behavior that we
marked as navigation failures. These cases occurred when
Krawler remained stuck on the same interactive element for
multiple keystrokes, could not reach an element after multiple
iterations of all interactive elements, or there was unexpected
behavior in which pressing loaded another page. We
excluded these web pages from (1) and (2) and marked
them as navigation failures. However, if Krawler was able
to complete a full-page cycle, even without accessing all the
visible elements of the page, we included this iteration in our
results and analysis.

B. Results

Figure 2 shows the Cumulative Distribution Function (CDF)
of the average number of keystrokes required for a full-page

3 presses required to dismiss modal dialogs.
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Fig. 2. Average cumulative keystrokes required across pages.

iteration and the activation of an interactive element. The
x-axis represents the number of keystrokes required, while
the y-axis shows the cumulative number of websites that
required that number of keystrokes. During the evaluation,
we identified six web pages with navigation failures across
all browsers and five others with failures in a single browser.
The numbers presented in Figure 2 only include those without
navigation failures and are zoomed in to display a maximum
of 500 keystrokes. The visualization excludes four websites
that required more than 500 keystrokes to complete a full-
page traversal, as they represent extreme outliers that would
distort the visualization.

C. Discussion

1) Full page iteration: We found that the majority (73%)
of subjects required under 140 keystrokes for a full-page
iteration (corresponding to the asterisk in Figure 2), while
54 (25%) subjects required more. Additionally, 2% of the
subjects, not shown in the graph, were inaccessible for a
full-page iteration (i.e., navigation failures). High keystroke
requirements are problematic for KB users with disabilities,
as navigation speed is limited by an average of 1,500 ms per
keystroke [48], [49], meaning that these 54 subjects could take
3.6 to 30 minutes to complete a traversal—making even basic
interactions highly time-consuming. Looking deeper, we found
subjects that contained lists of items with structured content—
such as news articles with an image, title, and description—
where all elements within each item linked to the same target.
While this is user-friendly for PNC users, for KB users, when
default keyboard navigation is used, they must through
each duplicate link within an item, which further increases
effort. Unlike KB users, PNC users need a single click to
reach the target, regardless of the number or structure of
elements. In five extreme cases, keystrokes reached 683—
peaking at 1,200—due to infinite scrolling. These subjects
dynamically loaded new items as users navigated downward,

preventing full-page iteration via . While cached versions
of the page allowed us to have a full-page iteration, real-world
users would be unable to reach the footer as new content
continuously loads. Instead, they must rely on + to
move backwards, reach the top, navigate through the browser
controls, and then enter the page via the footer, further
increasing navigation effort.

We found that in 101 (47%) subjects, a KB user must perform
more keystrokes than the initial number of interactive
elements to complete a full-page iteration. Specifically, these
subjects required a min/avg/max of 7/132/700 keystrokes for
full navigation, while containing a min/avg/max of 5/107/516
visible interactive elements. Therefore, KB users needed addi-
tional min/avg/max of 2/25/184 keystrokes beyond the element
count. This discrepancy arose due to the dynamic Ul behavior
of web apps, where pressing can trigger actions that
load new elements—either increasing effort for KB users
or helping them navigate more efficiently. For instance, in
12 subjects, drop-downs expanded upon focus, and in 43
cases, carousels revealed additional interactive elements that
were initially hidden. Consequently, KB users had to navi-
gate through all elements—including those not immediately
visible—before completing a full-page traversal. However, in
79 cases, skip content buttons were implemented, enabling KB
users to bypass sections and reducing interaction effort by a
min/avg/max of 2/19/85 keystrokes. Thus, the effort required
for KB navigation is not strictly proportional to the number
of visible interactive elements.

Regarding the extra UI elements during navigation, in 29
(13%) cases, top navigation menus expanded automati-
cally on keyboard focus, forcing users to through all
sub-menus (and sometimes sub-sub-menus) with no way to
prevent expansion or exit (e.g., ). Therefore, the
presses needed to reach the end of the page increased by a
min/avg/max of 2/34/79. These menus deviate from standard
design practices, which typically require , , or
to trigger expansion. We manually examined these cases and
found five web pages where the key navigated inside the
submenu, but the focus was invisible. As a result, users could
not determine their position and had to perform more than 60
extra keystrokes to reach a visible focus indicator again.

2) Activate each interactive element: The distribution of sub-
jects shows that most of the subjects (69%) required an average
of 65 keystrokes (corresponding to the asterisk in Figure 2),
with only 66 (31%) subjects requiring more keystrokes to
activate an interactive element. For these 66 subjects, we found
that the number of keystrokes required for keyboard users
to activate an interactive element ranged from an avg/max
of 133/600 per interactive element and a min/avg/max of
135/323/1,200 interactive elements per subject. Although an
upward trend in keystroke count correlated with an increased
number of interactive elements, this correlation held true
for only about half of the subjects. Specifically, 76 subjects
required fewer keystrokes than the number of interactive
elements on the page. This lower interaction cost occurred



either because certain sections or elements were ignored
during keyboard navigation (e.g., the Conviva subject ignored
header drop-down menu actions, rendering them inaccessible
via keyboard) or because interactive elements were grouped
together, allowing users to navigate efficiently within groups
using arrow keys (e.g., , ) before using to exit.
For instance, the National Geographic subject collapses article
information to minimize redundant keyboard navigation on
multiple links pointing to the same target. Similarly, the
RedHat subject groups information into cards and utilizes ad-
ditional keys (e.g., , ) to access underlying components,
significantly reducing the required keystrokes since many sub-
components are not accessed using alone. Lastly, in the
extreme cases surpassing 200 keystrokes, infinite scrolling, as
outlined in Section IV-C1 was responsible, as dynamically
loaded content notably increases navigation effort.

3) Inaccessible Ul components causing navigation failures:
For 11 subjects (5%) that we excluded from Figure 2 due
to navigation failures, we manually analyzed their keyboard
issues. We found five Uls where the keyboard cursor became
stuck—a phenomenon known as a keyboard trap, either on a
single element (three subjects) or cycling within a group of
elements (two subjects). These traps blocked KB users from
fully interacting with content. For instance, on MySpace, the
first <input> in the top-right form created a single-element
trap with no escape even using +. For cycling within
a group of elements (cycle traps), keyboard focus remained
stuck inside the group, preventing users from reaching other
parts of the page unless they activated a navigation button
within that group. Implementation-wise, these issues often
stem from JavaScript listeners (e.g., element.focus ())
that unintentionally redirect focus back to a specific element
whenever the keyboard focus moves away.

4) Variations in full-page navigation effort across browsers:
We observed that the number of keystrokes required for
a full-page iteration varied across different browsers. This
discrepancy occurred when navigating from the last interactive
element on a page back to the first one. The number of
presses needed to cycle through browser Ul elements differs
depending on the browser. For example, in Chrome, returning
to the first element via requires only two extra presses,
while in Edge, only one extra press is needed. However, in
Firefox, this number can vary, often requiring at least eight
additional presses, depending on the number of installed
plugins. This behavior occurs because, after reaching the last
element of a web page, Firefox shifts focus to various browser
UI components (e.g., search input, bookmark button, and
plugins) before allowing navigation to return to the web page,
increasing the effort required for keyboard users.

5) Summary of findings: Our analysis reveals significant
accessibility challenges for KB users, increasing interaction
costs across many websites due to dynamic UI behaviors,
automatic menu expansions, and redundant interactive ele-
ments. Additionally, issues such as infinite scrolling, keyboard

traps, and improperly hidden elements create barriers that can
make sections of a web page completely inaccessible. Browser
inconsistencies further impact navigation effort, as different
tabbing behaviors alter the number of keystrokes required to
traverse a page. Our findings highlight the importance of de-
signing more seamless Ul experiences by ensuring structured
keyboard navigation, minimizing redundant interactions, and
improving cross-browser consistency.

V. RQ2: WHAT EFFORT IS REQUIRED FOR
KEYBOARD-BASED USERS TO COMPLETE TYPICAL USE
CASES IN WEB APPS?

The goal of RQ2 is to evaluate the effort required for KB users
to navigate and interact with web apps to complete various use
cases. After quantifying the effort for simple KB operations
in RQ1, we were also interested in evaluating more complex
operations. These operations (i.e., use cases) involve extended
UI interactions spanning multiple pages to complete actions
like ordering products.

A. Protocol

To estimate the effort required for a user to complete various
use cases (e.g., search and buy a product), starting from
loading the web app, we measured the number of clicks for
PNC users and the number of keystrokes for KB users needed
to complete every step in each use case. This quantification
allowed a direct comparison of navigation efforts. We omitted
the number of steps to key in data (i.e., the number of
keystrokes for typing input such as username and password)
for both mouse and keyboard since they are the same effort,
and we focused solely on the navigation/activation effort. For
PNC navigation, we manually completed each use case and
recorded the number of mouse clicks needed to complete
the task. For KB navigation, we replicated the use case,
activating the same interactive elements as in the PNC version
by following the sequence of —labeled intra-state edges in
the KER graph until the next element was found and then
activating it. Since these edges encode the web page’s forward
focus order, the navigation path was determined by sequential
tabbing reflecting the standard navigation behavior available to
KB users. When a skip link was available, we also quantified
the alternative path obtained by activating it, in addition to the
regular sequential- path. We omitted shortcuts, as they are
generally considered a feature-level concern rather than a core
accessibility requirement [S0]-[52].

Identification of use cases—Our process consisted of two
steps: first, we defined general use case categories, and then
we chose an individual use case for each website in our sam-
ple. Based on the website categories (listed in Section II-A)
and drawing from relevant literature and industry reports on
common web app tasks [53], [54], we identified 13 distinct
categories of use cases: Content Exploration: e.g., browsing
features; Knowledge Discovery: e.g., reading news, blog posts;
Explore and Compare: e.g., product specs; Explore and Watch:



e.g., watching videos; Search, Access, and Purchase: e.g., or-
dering products; Access and Connect: e.g., contact forms;
Access and Download: e.g., software, media; Connect and
Meet: e.g., schedule appointments, meetings; Start Your Jour-
ney: e.g., get started, request information; Sign Up and Start:
e.g., log-in, setup a new service; Social Media Engagement:
e.g., chat, share, like, comment; Create Mode: e.g., design,
writing; and Play Online: e.g., play online games. Then, for
each website, we chose a use case representing its primary
functionality based on its category. For example, Shopping
and Travel sites were assigned either a Search, Access, and
Purchase task or an Explore and Compare task.

B. Results

Figure 3 presents a comparison of the average number of
mouse clicks versus keystrokes required to complete the use
cases. The vertical axis represents the use case categories, with
the number of completed use cases using KB navigation in
each category shown in parentheses. The horizontal axis rep-
resents the average number of keystrokes and clicks required to
complete each use case, plotted on a logarithmic scale. Note
that this data does not include 30 use cases that could not
be completed using the KB navigation. In those scenarios,
accessibility issues manifested in the page’s UI (as discussed
earlier in Section I'V-C), preventing us from completing the use
case. This included all three use cases from the Play Online
category, which is why this category is not shown.

C. Discussion

The results indicate that, on average, a PNC user needs 10
clicks to complete a use case, while a KB user needs 50
keystrokes to complete the same use case. To contextualize
this effort, we converted the number of steps into a wall-clock
time estimate, following the same approach as in Section I'V-C.
On average, a PNC user would need 11 seconds to complete
a use case, given an average time of 1,100 ms per mouse
click [55]. In contrast, a KB user would require 75 seconds,
assuming an average keystroke time of 1,500 ms for people
with disabilities [48], [49]. In an extreme case, the keyboard
users required 491 keystrokes—a 3,992% increase in effort
compared to those using a mouse. In this extreme case, each
time the user navigated to a page, they had to through 83
sub-menu items in the top navigation menus (the sub-menus
items can be tabbed to despite the menu being closed, and the
skip link aid was not working). For this use case, a keyboard
user would need 12 minutes just to search for a book.

The difference in effort between mouse and keyboard naviga-
tion is not proportional to Ul density; KB navigation effort
grows faster than mouse navigation in dense Uls. For PNC
users, interaction cost remains nearly constant, as they can
directly click any item. For KB users, effort scales with the
number of elements, since they must sequentially through
each one. Therefore, in many use cases involving dense Uls,
the differences in navigation efforts were more pronounced.

Social Media
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and Purchase (33)
o e
Meet (6)
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Connect (15)

Explore and

Watch (10)

Explore and
Compare (18)
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Use Case Categories
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10 100
Effort in number of keystrokes and clicks on logarithmic scale

Fig. 3. Average number of clicks and keystrokes required to complete various
use cases.

Eight of the use cases with the greatest disparity between PNC
and KB navigation were among the top 20% of the densest
Uls, averaging 615 elements per page. Infinite scrolling further
increases effort. For example, on Instagram, KB users must
sequentially navigate through all elements (e.g., stories, like,
share, comment) to reach a post, requiring approximately 200
presses to comment, whereas mouse users need only
two clicks. By contrast, 29 use cases with sparse interfaces
(averaging 140 elements) exhibited minimal disparities.

We found that certain design strategies, such as skip
mechanisms, significantly reduced the navigation effort
required for keyboard users. We observed that the effort
required for a PNC user to complete a use case remained
fairly consistent, whereas for a KB user, it varied significantly,
with standard deviations of 9 clicks for PNC users and 26
keystrokes for KB users. Upon further investigation into the
factors contributing to this difference, we discovered that in
many keyboard use cases, there are effective strategies to
noticeably reduce the overall effort required. We found that
in cases where a skip content mechanism existed to help key-
board users bypass sections, the navigation time was reduced
significantly. For example, in the Amazon marketplace subject,
instead of navigating through all filter buttons and product
listings to reach the main content, KB users could utilize the
available skip buttons at the beginning of the navigation to
jump directly to specific sections like orders, search, products,
and the cart. This skip content mechanism, found in 79 (37%)
of our subjects, reduced navigation steps by nearly 50% when
completing a use case, compared to navigating without it.

We also found that automated focus redirection reduced
keyboard effort. In 10 (5%) of use cases involving login
or data entry—common on web forms—the navigation entry
points were modified to set the initial keyboard focus on
the <input> fields. This allowed users to start typing
upon page load instead of navigating from the top. This
resulted in a min/avg/max savings of 12/77/95% in effort,



respectively. Conversely, when focus redirection was missing,
particularly during UI transitions, unnecessary keyboard effort
was required. We observed this in 28 use cases. For instance,
on Autodesk, adding a product to the cart triggered a right-
side navigation drawer, but the focus was not automatically
set within it. As a result, a KB user had to press 93
times to reach the cart, traversing all other products and the
rest of the page.

Overall, our results show that the keyboard’s sequential nature
of navigation impacted the effort in completing use cases.
This effort occurs because a KB user must traverse multiple
elements to reach the target, unlike a mouse, which provides
direct access. This difference is even larger in subjects with
high UI density, which led to greater KB navigation effort
compared to mouse users. The effort can be reduced sig-
nificantly through accessibility enhancements, such as skip
mechanisms that allow users to bypass sections and automatic
focus management for dynamically changing content. Our
findings highlight the importance of incorporating such ac-
cessibility considerations into UI design to reduce interaction
cost disparities between keyboard and mouse navigation.

VI. RQ3: WHAT ARE THE DIFFERENCES IN UI BEHAVIOR
WHEN INTERACTING WITH A WEB PAGE VIA THE
KEYBOARD VERSUS THE MOUSE?

The goal of RQ3 is to evaluate whether the UI behavior differs
when using a keyboard compared to mouse interaction. While
we focused mainly on the effort to navigate to/and activate
elements in RQ1 and RQ2, in this RQ, we are interested in
what happens after activating the elements. The UI behavior
provides insight into the effects of keyboard interaction and
how KB and PNC users’ experiences differ.

A. Protocol

To capture differences in UI behavior, we systematically
explored each web app by activating every interactive element
via mouse clicks and keystrokes, recording the resulting
UI state transitions, URLs, and DOM snapshots.

Modeling mouse-based interaction—For PNC exploration,
we used two web crawlers, Crawljax [44], and Qualstate [45].
Both tools explore Ul states—as defined in Section III-A—by
simulating mouse clicks (and hover actions for Qualstate),
and then capturing the resulting DOM and URL. Each tool
required some basic configuration and modification to be used
in our study. We configured Crawljax and Qualstate to remain
on the initial page, avoid external links, and have an unlimited
crawling depth to ensure that every interactive element on the
web page was activated, similar to how Krawler operates. We
kept all other tool configurations at their default settings. The
complete configuration details and any tool modifications are
provided in the replication package [32].

We ran Krawler, Crawljax, and Qualstate on our sample of 216
web pages to investigate whether Ul behaviors vary across

OSs and browsers. Using the experimental environment de-
scribed in Section II-C, we evaluated each web page under all
OS-browser combinations, resulting in nine configurations per
page and a total of 1,944 executions (216 x 9). Qualstate was
incompatible with Firefox due to its reliance on a Chromium-
based implementation.

In web usage, whenever a user interacts with a web
app—whether through the mouse or keyboard—the UI typi-
cally provides a visual cue to acknowledge the action. Building
on the intuition that each UI state change represents a distinct
outcome of an interaction, we use this notion as a metric for
representing UI behaviors. Any divergence in the resulting
UI states can therefore be interpreted as differences in the
app’s behavior (e.g., performing an action on an element that
alters the Ul in different ways). To capture such behavioral
discrepancies between keyboard and mouse navigation, we
adopt the concept of UI state coverage—a metric widely used
in prior work to evaluate the exploration capabilities of web
crawlers [34], [39], [44], [56]-[67]. We calculated each tool’s
UI state coverage as the ratio between the unique number of
UI states identified by the tool (i.e., |G|) and the total number
of distinct UI states (the union) among all the tools.

B. Results

Table II presents the average Ul state coverage results for
our 216 subjects, organized by OS (macOS, Windows, and
Linux) and browser (Chrome, Edge, and Firefox) for each
tool. Due to space constraints, we present only the average
state coverage per configuration; full results are in our repli-
cation package [32]. Our results indicate that all three tools—
Krawler, Crawljax, and Qualstate—were able to achieve sim-
ilar amounts of UI experiences by achieving relatively sim-
ilar state coverage. Crawljax maintains a consistent value of
approximately 85% state coverage across all configurations,
where Krawler and Qualstate report slightly higher averages,
hovering near 91% and 90% respectively. Note that Qualstate
was incompatible with Firefox (i.e., NA).

C. Discussion

A natural question is whether Krawler and Qualstate perform
the same exploration, given their comparable coverage. We

TABLE II
AVERAGE UI STATE COVERAGE OF TOOLS ACROSS BROWSERS AND OSsS
IN OUR SAMPLE OF 216 SUBJECTS.

(O} Browser Crawljax Qualstate Krawler
Linux Chrome 86% 89% 92%
Linux Edge 87% 89% 92%
Linux Firefox 86% NA 92%
macOS Chrome 85% 91% 91%
macOS Edge 85% 91% 91%
macOS Firefox 85% NA 91%
Windows  Chrome 86% 89% 91%
Windows  Edge 86% 90% 90%
Windows  Firefox 87% NA 91%




found that 94 states (44%) are covered by both tools, while
122 states (56%) are unique to one or the other.

1) Similarities in UI behaviors: Of the Ul states cov-
ered by both Krawler and Qualstate, 90% were triggered
through interactions with standard HTML controls (e.g., <a>,
<button>). These elements include built-in support for both
keyboard and mouse navigation, which invoke the same event
handling function. As a result, the same UI (e.g., a dialog)
is produced regardless of input method. This observation
suggests that using standard accessible HTML controls can
help create similar experiences between keyboard and mouse.

2) Differences in Ul behaviors: When looking at the differ-
ences in Ul behaviors, we noticed they impacted keyboard
users in varying ways, some with little to no effect, some
prevented interaction entirely, and others increased the effort
required to navigate and use the page.

a) Differences with negligible effect: In 10% of the different
UI behaviors, the differences stem from the inherent distinc-
tions between how keyboards and mouse interact with web
interfaces, with little usage impact on KB users. For example,
clicking on a search <input> field with a mouse places the
cursor inside it for text entry, whereas pressing often
triggers an immediate search submission, navigating to the
results page. This difference arises because keyboard users
must first navigate to the field and type before activation, while
a mouse click directly engages the element.

b) Differences impacting accessibility: Looking at the dif-
ferences in coverage (UI states explored in one but not the
other), we observed two causes: In the first cause, in 82 out
of 216 subjects (38%), Krawler reached more states than
the PNC crawlers. The reason is that click-based approaches
do not trigger keyboard actions. Many subjects had additional
UI states triggered only by KB interactions (e.g., keydown,
keyup, or focus event handlers). For example, on the
Costco subject, we found that while the mouse-based tools
captured approximately 14 states, Krawler identified a total of
27. The extra states manifest when Krawler navigates through
in the header menu, triggering extra expansion buttons—
hidden for PNC users—to help KB users activate and navigate
the sub-menu items. Similar examples happen with the skip
content buttons and other hidden buttons that only appeared
during KB navigation, creating ‘“keyboard-only” states.

In the second cause, in 40 (19%) cases, Krawler detected
fewer UI states than the mouse-based tools. This occurred
when elements lacked proper keyboard actionability (i.e., event
handling)—typically custom <div> or <span> controls
bound to click or hover events to respond to the mouse
but not keyboard actions. These “mouse-only” states cannot
be triggered through keyboard input. When examining these
mouse-only states (i.e., states missing from Krawler), almost
all of the non-actionable elements are also not reachable via
; in five cases, this was due to keyboard traps, as we
discussed in Section IV-C, and in one case, the page redirected
on the press to an element. Consequently, all these

accessibility barriers (whether non-actionable, non-reachable,
or both) prevented Krawler from discovering those states.

c) Differences impacting ease of use: Subtle browser dif-
ferences sometimes require more navigation effort from KB
users. These UI differences reflect variations in key-
board navigation across browsers when interacting with
<input> elements. For example, Chrome treats radio-button
groups as a single block navigable with arrow keys, whereas
Firefox allows tabbing to each button individually unless a
default selection is present. Similarly, date-related <input>
types differ: in Chrome, the date picker is activated by pressing
or on a designated button inside the input field,
while Firefox’s event handling requires users to press or
on a specific subfield (i.e., day, month, year) to open
and modify the date picker. Mouse effort remains unchanged,
but keyboard users take on average three steps in Chrome and
six in Firefox to complete the same selection.

Discrepancies in keyboard interactions across OSs can cause
unexpected behavior during keyboard navigation. Native OS
components affect how <select> drop-down elements
behave. On Windows and Linux, pressing on a focused
drop-down immediately selects the next option, while macOS
opens all options, letting users browse without confirming until
. These differences stem from browsers relying on each
OS’s native Ul components to manage drop-down controls. In
our subjects, most drop-downs triggered unintended navigation
(e.g., switching languages) due to default onChange handlers
for <select> elements. Consequently, KB users need to
navigate a min/avg/max of 20/70/95 steps to return to the same
drop-down element.

3) Summary of findings: Our analysis revealed that while
Krawler, Crawljax, and Qualstate exhibit similar UI state cov-
erage, the pathways and states they explore differ. Krawler un-
covers additional states from keyboard-specific interactions
(e.g., triggering hidden elements), while mouse-based
tools find states inaccessible via keyboard due to missing
handlers. Environmental factors—including browser handling
of radio buttons and input pop-ups, and OS-level differences
in drop-downs—also introduce effort differences in keyboard
navigation. These findings highlight both the inherent differ-
ences between keyboard and mouse interactions and the chal-
lenges keyboard users face from inconsistent implementations
across platforms. Addressing these inconsistencies is critical
to ensuring that keyboard users can access and interact with
web apps as efficiently as mouse users.

VII. DESIGN PATTERNS AND ANTI-PATTERNS

Based on our findings and the discussions in Sections IV
to VI, we identified recurring design patterns as well as
anti-patterns. These patterns provide actionable guidance for
developers seeking to enhance the usability and inclusiveness
of interactive systems. Our results show that well-implemented
accessibility features can substantially reduce user effort,



whereas common design shortcomings often introduce friction,
redundancy, or even complete inaccessibility.

Design Patterns: We identified three design patterns that
support keyboard accessibility: skip content links, automatic
focus shifts, and the use of standard HTML controls. Skip
content links allow users to bypass components and reach
main content quickly, reducing keystrokes (Sections IV-C
and V-C). For example, Taboola provides skip links to access
the main content and footer. Automatic focus shifts keep
users oriented after dynamic updates, such as modals (Sec-
tion V-C). For example, Zendesk moves focus to modal dialogs
automatically, while Autodesk lacks focus shift, requiring
extra keystrokes. Lastly, the use of standard HTML con-
trols (i.e., <button>, <input>, <a>, and <select>)
ensures built-in keyboard accessibility (Section VI-C). For
instance, Wikipedia homepage use <a> for language links,
and <input>, <select>, and <button> for the search
bar, all focusable and actionable. These patterns help reduce
effort and support efficient, inclusive keyboard navigation.

Design Anti-Patterns: We identified four anti-patterns that
hinder keyboard accessibility: mismanaged keyboard events,
grouped components with no escape, infinite scrolling, and
non-standard custom components. Mismanaged keyboard
events occur when custom handlers override native tabbing
behavior, trapping focus within a set of elements or a single
field (Section IV-C). For example, on Myspace, focus stuck in
the search input, preventing normal navigation. Grouped com-
ponents with no escape increase navigation effort by forcing
users to tab through all sub-items (Section IV-C). For example,
carousels on National Geographic trap focus, preventing users
from leaving until all items are traversed. Infinite scrolling
without an escape mechanism prevents users from reaching
the page end, as new content continuously shifts the focus
order (Sections IV-C and V-C). For instance, Avito dynamically
loads listings, making it impossible to tab to the footer.
Lastly, non-standard custom components (e.g., <div> or
<span>) lack built-in keyboard support (Section VI-C). For
example, on Equativ, icons implemented with <div> are not
focusable, creating barriers for keyboard users. These anti-
patterns disrupt keyboard flow, increase effort, and can make
interfaces partially or fully inaccessible.

VIII. THREATS TO VALIDITY

External Validity: Our study uses a random sample of the
top 1,000 Tranco websites [28], so findings generalize only
to these popular sites. However, they cover roughly 50% of
Chrome page loads [68]. Since their popularity implies they
are highly maintained, frequently updated, and generally strive
to meet legal accessibility obligations; they can provide a
reasonable lower bound on the accessibility challenges users
may face in the broader population of websites.

Internal Validity: Running our tools on three OSs and
browsers introduces potential variation in browser versions. To
ensure consistency, we used identical versions on all platforms

and standardized the window size to 1280 x 1024 with 100%
zoom to prevent layout differences from affecting results.

Another threat is potential inaccuracy in manually verifying
experiments, as counting clicks and keystrokes may introduce
human error. To mitigate this, we recorded all interactions to
allow recounting and validation. Because our analysis focused
on differences between conditions rather than absolute values,
small errors would not materially affect results. This approach
ensured accurate, reproducible measurements and minimized
the impact of human error.

Another threat is the presence of skip content buttons on some
websites. Because Krawler assumes deterministic keyboard
navigation—where each keystroke (e.g., , +)
moves focus predictably—ignoring these buttons would over-
estimate effort. To avoid this, Krawler checked for skip mech-
anisms at the start of navigation and used them when available
to ensure accurate effort measurement.

A potential issue is that we did not run all three tools
simultaneously, so website content may have changed due to
updates or bot detection. To mitigate this, we captured and
stored each site on February 4th, 2025, using mitmproxy,
and used these archived versions for all tests. This ensured
consistency by running every tool on identical page versions.

Construct Validity: Another potential threat is that
Krawler does not use keyboard shortcuts (key combinations)
when navigating web pages, which could affect accuracy in
measuring interaction effort. However, shortcuts are not part
of standard keyboard usage in web apps and are generally con-
sidered a feature-level concern rather than a core accessibility
requirement [50]-[52]. Thus, our study focuses on standard
navigation keys and skip content buttons, which do not rely
on key combinations.

IX. RELATED WORK
A. Keyboard Accessibility Studies of the Modern Web Ul

There is extensive research on automatically detecting key-
board accessibility issues that violate Web Content Accessi-
bility Guidelines (WCAG) standards [12], [17], [43], [69]-
[71]. Existing work by Chiou et al. [12], [17], [69], [70]
and Bostic et al. [43] focuses on detecting such violations.
However, these tools do not evaluate the actual navigation
experience or challenges faced by keyboard users. In contrast,
our study empirically investigates disparities in user experi-
ence, emphasizing the effort required and differences in Ul
behaviors between PNC and KB interactions.

Previous empirical studies on KB navigation used cognitive
modeling frameworks like GOMS (Goals, Operators, Methods,
and Selection rules) to quantify performance and differences
between keyboard and mouse interactions [27], [72]-[74].
However, these studies are over a decade old and covered
a limited set of websites. With evolving web technologies
and accessibility guidelines, updated studies are needed to
understand keyboard navigation in modern web apps. Islam



et al. [75] proposed a probabilistic model for desktop apps
accessibility, emphasizing non-visual, keystroke-based inter-
actions. In contrast, our research empirically evaluates real-
world disparities between keyboard and mouse navigation
across diverse web apps, focusing on practical user experience
challenges rather than predictive metrics.

Other studies have focused on the prevalence of accessibility
issues in mobile apps and their impact on end-users [76]-
[81]. In contrast, our study provides an empirical assessment
focused explicitly on the disparities in user experience between
KB and mouse-based users.

B. UI State Exploration Web Crawlers

Existing research around web UI crawlers focused on analyz-
ing the state exploration of web pages from the PNC user’s
standpoint [33]-[39], [41], [43]. A popular and well-cited web
UI crawler, Crawljax [44], uses iterative depth-first search to
identify UI states and transitions, generating a State Flow
Graph (SFG). It is widely used for testing and verification and
has gained significant attention from researchers [37], [38],
[56], [59]-[61], [63], [64], [66], [67]. Another recent tool is
QExplore [39], which uses Q-learning exploration techniques
to capture the different Ul states using a guided search strategy
and creates a SFG. Lastly, Qualstate [45] is a tool that interacts
with each actionable element in order to explore the UI states
of web pages. It can also be configured to interact with certain
interactive elements or fill out login forms. While these tools
detect broken links, security issues, and functional errors,
they do not capture keyboard navigation, relying on PNC
interactions. Our study addresses this gap with Krawler, which
simulates keyboard interactions to explore interfaces, trigger
dynamic content, and record focus movements, representing
diverse UI behaviors as a graph (Section III).

X. CONCLUSION

In this paper, we conducted an extensive empirical study on
keyboard-based navigation in web apps, assessing accessibil-
ity, effort, and UI behavioral differences compared to point-
and-click navigation. Our analysis revealed significant dispar-
ities, with many web apps requiring a much larger number
of keystrokes for basic tasks, making keyboard navigation
inefficient. We identified issues such as excessive navigation
loops, keyboard traps, and browser-specific inconsistencies
that increase the interaction cost. Worse, some Ul behaviors
were inaccessible via the keyboard, highlighting the limitations
of current web design practices. We also identified design
patterns that support keyboard accessibility, as well as anti-
patterns that hinder accessibility and increase user effort. Our
findings emphasize the need for user-friendly keyboard naviga-
tion to improve accessibility. Addressing these challenges can
ensure a more inclusive web experience, enabling keyboard
users to interact with web apps as efficiently as mouse users.
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