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Abstract

Commercial age-friendly modes are increasingly embedded in smartphone applications,
yet their task-performance implications for older adults remain uncertain. This two-stage
study used a cognitively informed ecological-to-controlled strategy linking evaluation of
commercial age-friendly versions with controlled testing of specified interface compo-
nents while modeling older adults’ task-relevant cognitive ability. In Experiment 1 (n =
22), older adults completed ten tasks in standard and age-friendly versions of WeChat
and Pinduoduo. The age-friendly versions showed no overall advantage in clicks, com-
pletion time, or erroneous clicks (all ps = 0.548). Activity Theory-informed video coding
identified recurrent task-to-interface mismatches, including insufficiently salient feed-
back. The exploratory Task 8 product-search observations, together with these coded in-
teraction problems, indicated that product search was a relevant context in which menu
configuration, action confirmation, and cognitive demands could be examined together.
Because the commercial app versions differed across content and interface features, Ex-
periment 2 (n = 30) used a custom Android product-search task to manipulate menu con-
figuration and vibration feedback while modeling delayed recall continuously as an indi-
cator of task-relevant cognitive ability. Relative to the flat configuration, the two-level
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menu was associated with 56.7% fewer clicks and 30.7% shorter completion time, whereas
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vibration feedback was associated with 20.2% fewer ineffective clicks. Delayed recall was
associated with completion time in the primary model, but this association was attenuated
after adjustment for age and sex. Together, the findings show that a commercial age-

friendly label should not be treated as evidence of performance benefit. By separating
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ecological diagnosis from controlled component testing, the study provides an evidence
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1. Introduction
1.1. Smartphone Use, Population Aging, and the Silver Digital Divide

Population aging has become one of the most profound demographic transfor-
mations worldwide. The global population aged 65 years and older has approached 800
million —approximately 10% of the world’s population —and is projected to reach 2.2 bil-
lion by the late 2070s [1]. This demographic shift poses substantial fiscal, healthcare, and
sociocultural challenges for societies worldwide [2,3]. Among these technologies,
smartphones are particularly important because they provide older adults with portable
access to communication, health monitoring, social participation, and daily life manage-
ment, thereby helping to reduce loneliness, alleviate social isolation, and promote well-
being [4-6].

However, the benefits of smartphones are not equally distributed across age groups.
Older adults often encounter considerable difficulties when interacting with smartphone
interfaces, including densely arranged icons, complex gesture sequences, small touch tar-
gets, inconsistent feedback, and multi-step navigation paths [7,8]. Consequently, older
adults are more likely to experience a “silver digital divide,” a form of digital inequality
that reflects disparities not only in access to information and communication technologies
but also in usage skills, meaningful engagement, and beneficial outcomes [9-12]. This di-
vide is particularly consequential because digital exclusion may further restrict older
adults’ access to social resources, healthcare services, financial tools, and public infor-
mation, thereby reinforcing broader social inequalities.

Recent evidence further suggests that digital engagement may be associated with
cognitive and psychosocial benefits among middle-aged and older adults. For instance,
longitudinal research has reported an association between internet use and reduced risk
of cognitive decline in Chinese middle-aged and older adults [13]. Although such findings
should not be interpreted as causal evidence that technology use directly prevents cogni-
tive decline, they highlight the importance of enabling older adults to participate effec-
tively in digital environments. Improving smartphone usability for older adults is there-
fore not merely a matter of interface aesthetics or convenience; it is a critical pathway for
promoting digital inclusion, autonomy, and healthy aging.

1.2. Age-Friendly Smartphone Interfaces: From Surface-Level Adaptation to
Empirical Validation

To reduce barriers in smartphone use, researchers and practitioners have proposed a
broad range of age-friendly design strategies. Common recommendations include larger
fonts and icons, high-contrast displays, simplified gesture operations, clearer visual hier-
archies, more tolerant response timing, larger touch targets, reduced input complexity,
and explicit feedback for successful or erroneous actions [7,14,15]. Commercial

"o

smartphone applications have also increasingly introduced “age-friendly,” “senior,” or
“care” modes that typically enlarge interface elements, simplify selected functions, or re-
organize menus to support older users.

Empirical evidence has provided partial support for such strategies. For example,
Petrov¢ic et al. [16] compared realistic task performance between a standard Android

launcher and an age-friendly launcher and found that a simplified age-friendly launcher,
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characterized by one-task-per-screen flows and fewer alternative paths, produced mar-
ginally better task efficiency. Zhou et al. [17] also reported that specific interface features,
such as up-and-down sliding layouts, middle-sized buttons, and simple line-type buttons,
could enhance usability and reduce cognitive load in smartphone interactions among
older adults. These findings suggest that interface simplification can improve older adults’
interaction experience when it reduces unnecessary perceptual, motor, or cognitive de-
mands.

Despite the growing number of age-friendly smartphone-design guidelines, three
limitations remain especially relevant to older adults’ everyday use of commercially de-
ployed applications. First, recommendations have been derived from heterogeneous users,
devices, task demands, and outcome metrics, making it difficult to infer whether a com-
mercially available age-friendly version improves objective performance in a particular
everyday smartphone application [14,15,18]. Second, a commercial age-friendly mode is
a multi-component configuration rather than a single intervention: typography, icon size,
spacing, function availability, category labels, target content, navigation paths, and feed-
back may change together. Such comparisons can reveal task-level performance patterns
in real applications but cannot isolate the effect of one interface component. Third, older
adults differ in cognitive function, digital experience, sensory and motor capacity, and
prior familiarity with particular applications [19-22]. Contemporary human-computer in-
teraction (HCI) scholarship also cautions against treating chronological age as a sufficient
proxy for older users’ capacities or support needs [23]. These limitations motivate a design
that combines ecological evaluation of real smartphone applications with controlled tests
of clearly specified interface components and task-relevant individual differences.

The present study advances an ecological-to-controlled evaluation strategy for age-
friendly smartphone design. Rather than treating a commercial age-friendly mode as a
single intervention, it treats the mode as a bundle of visual, structural, and feedback-re-
lated changes. Objective task performance and Activity Theory-informed video coding
are first used to identify unresolved task-to-interface mismatches in commercially de-
ployed applications; a controlled product-search experiment then compares specified in-
terface components under defined task conditions. This strategy preserves the relevance
of real smartphone use while avoiding causal overinterpretation of multi-component
commercial comparisons. It addresses three related questions within human—computer
interaction (HCI) and cognitive aging: Do commercially deployed standard and age-
friendly app versions differ in older adults’ objective performance during everyday
smartphone tasks? Which task-to-interface mismatches remain visible when users en-
counter unclear labels, feedback, tappable areas, or precision demands? In a controlled
smartphone-based product-search task, how are menu configuration, vibration feedback,
and a task-relevant cognitive ability, indexed by delayed recall, associated with distinct
behavioral outcomes?

1.3. Cognitive Abilities and Smartphone Interaction in Older Adults

Successful smartphone interaction depends on multiple cognitive processes. When
completing a smartphone task, users must maintain the task goal, locate relevant interface
elements, interpret icons and labels, select appropriate categories, monitor feedback, and
update their action plan across successive screens. These operations require attention,
working memory, long-term memory, processing speed, visual search, and executive con-
trol. Age-related changes in these domains are well documented, including declines in
attention, working memory, episodic memory, and processing speed [24,25]. Such cogni-
tive changes may make older adults more vulnerable to interface complexity, especially
in multi-step tasks involving unfamiliar icons, ambiguous category labels, or nested
menus.
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Cognitive load theory provides a useful framework for understanding these chal-
lenges. According to cognitive load theory, human working memory has limited capacity,
and task designs that impose unnecessary processing demands can reduce performance
by increasing extraneous cognitive load [26]. In smartphone use, extraneous load may
arise from poorly organized menus, visually cluttered screens, unclear feedback, or incon-
sistent interaction rules. Older adults may be particularly sensitive to these demands be-
cause age-related changes in memory and attention reduce the cognitive resources avail-
able for maintaining task goals and navigating complex information structures.

Among cognitive abilities, delayed recall may be especially relevant to smartphone
tasks involving hierarchical navigation. Delayed recall reflects the ability to retain and
retrieve information after a delay. In a product search task, for example, users must re-
member the target item while exploring categories and subcategories, deciding whether
each menu label is semantically relevant, and returning to previous screens when neces-
sary. If the interface contains multiple layers or ambiguous category names, users with
lower delayed recall ability may have greater difficulty maintaining the original goal and
mapping it onto the appropriate navigation path. This may increase completion time, re-
peated clicks, and ineffective interactions. In contrast, users with stronger delayed recall
may better preserve task-relevant information and recover from navigational uncertainty.

Previous studies have recognized cognitive decline as a central challenge in user in-
terface design for older adults [27]. Gordon et al. [28] further found that older adults
showed distinct smartphone usage patterns compared with younger adults, including
fewer used applications, shorter usage duration, slower application switching, and less
frequent messaging, which may be partially explained by cognitive differences. However,
relatively few studies have examined how a specific cognitive measure relates to older
adults’ performance in a defined smartphone task under controlled yet ecologically mean-
ingful conditions. Even fewer have examined cognitive individual differences alongside
clearly specified interface components. Addressing this gap is important for designing
interfaces that are sensitive to heterogeneity among older users without assuming that
fixed cognitive groups require fixed interface types.

Mobile task performance in older adults should not be interpreted as a purely per-
ceptual or motor outcome. During smartphone-based product search, a user must main-
tain the target product, interpret category labels, select among alternatives, monitor
whether an action has registered, and recover from wrong turns. These requirements link
HCI and cognitive-aging research. Menu configuration can alter the balance between vis-
ual search and sequential navigation demands [29-31], whereas a tactile confirmation cue
may supplement visual feedback after an effective action [32,33]. The present study there-
fore retains broader cognitive assessments in Experiment 1 while examining delayed re-
call as an indicator of task-relevant, memory-specific cognitive ability, modeled continu-
ously rather than used as a proxy for global cognitive ability.

1.4. Menu Hierarchy Structure as an Information-Organization Mechanism

Menu hierarchy structure is one of the most important yet underexamined compo-
nents of smartphone interface design. Many daily smartphone tasks, such as searching for
products, locating settings, applying for refunds, or initiating service functions, require
users to navigate through hierarchical menus. The structure of these menus determines
both the length of the navigation path and the amount of information presented at each
step. Therefore, menu hierarchy directly affects cognitive load, visual search difficulty,
and action planning.

Classic research on hierarchical menu design has shown that both depth and breadth
influence task performance and perceived complexity. Jacko and Salvendy [29] demon-
strated that menu depth and breadth affect response time, accuracy, and perceived task
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complexity. Zaphiris et al. [30] further examined age-related differences in the depth -
breadth trade - off of hierarchical information systems and found that shallow hierarchies
were generally preferred over deep hierarchies, including among older users. These find-
ings imply that reducing excessive menu depth may benefit older adults by shortening
navigation paths and decreasing memory demands.

However, menu simplification does not mean that all hierarchical structures should
be eliminated. A flatter menu can reduce the number of screen transitions but may in-
crease the number of items displayed at one level, visual crowding, and scanning de-
mands. A deeper hierarchy can reduce the number of options visible at each stage but
requires additional category decisions and retention of the search goal across screens. For
older adults, the relevant design question is therefore not whether a menu should be as
flat as possible, but whether a given product set can be organized with a manageable bal-
ance between visual search and sequential navigation.

This trade-off is particularly relevant to smartphone-based product search. Users
must maintain a target item, interpret category labels, and navigate through semantically
organized screens. A deeper configuration can increase the need to preserve the search
goal and previous choices; a flatter configuration can increase visual search demands. De-
layed recall was selected for the present study because this task requires retention of target
information across category transitions, because the exploratory Experiment 1 analysis
linked delayed-recall score to performance in the standard Task 8 sequence, and because
analyzing the score continuously avoids the information loss introduced by arbitrary
grouping [34].

1.5. Tactile Feedback and Multisensory Support in Smartphone Interaction

In addition to information structure, feedback modality is another critical factor in
smartphone usability. Older adults may fail to perceive or correctly interpret subtle visual
feedback, such as small highlight changes, brief animations, or low-salience pop-up
prompts. When feedback is unclear, users may repeat the same action, click outside the
valid interaction area, or become uncertain about whether the system has registered their
input. Such uncertainty can increase ineffective interactions and reduce confidence in
smartphone use.

Multisensory feedback may help address action uncertainty. Multiple-resource the-
ory proposes that performance costs can arise when a task relies heavily on the same per-
ceptual or cognitive channel [32]. In smartphone interaction, a brief vibration can supple-
ment a visible state change by providing an immediate tactile indication that an effective
action has been registered. This does not make vibration universally beneficial, but it pro-
vides a plausible action-confirmation cue for workflows in which users otherwise repeat
touches or remain uncertain about whether a button, icon, or category selection has re-
sponded.

Recent work on adaptive multimodal interfaces suggests that haptic cues can supple-
ment visual information for older users, although the available evidence spans different
devices and task contexts [33,35]. The present study therefore tests a modest and specific
question: whether a short vibration delivered after an effective action is associated with
fewer ineffective clicks in a controlled smartphone-based product-search task involving
older adults.

1.6. Activity Theory and Video-Based Analysis of Human—Smartphone Interaction

To understand older adults” smartphone interaction difficulties, it is insufficient to
count errors without analyzing how and why they occur. Errors in smartphone use often
emerge from a mismatch among the user, the task goal, the interface tool, and the rules
embedded in the application environment. Activity Theory provides a useful analytical
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framework for examining such interactions. It conceptualizes human action as goal-di-
rected activity mediated by tools or artifacts within a sociocultural context [36-38]. In human-
computer interaction research, Activity Theory has been used to analyze how users’ goals,
tools, rules, community contexts, and divisions of labor shape interaction processes [39-41].

Mwanza’s Activity-Oriented Design Methodology provides an operational approach
for applying Activity Theory to interaction analysis by identifying key elements such as
the subject, object, mediating artifact, rules, community, and division of labor [40]. In
video-based interaction analysis, breakdowns—moments in which users become con-
fused, commit errors, change strategies, or fail to complete an intended action —can reveal
contradictions within the activity system [39,41]. Applying this approach to older adults’
smartphone use allows researchers to move beyond performance metrics and uncover
whether erroneous clicks result from unclear function labels, insufficient feedback sali-
ence, overly sensitive touch responses, inadequate spacing, or misunderstanding of valid
interaction areas.

In the present study, Activity Theory-informed video coding was used to examine
erroneous smartphone interactions as mismatches among the user’s stated goal, the inter-
face object, the available button or icon, the feedback following an action, and the rule
needed to complete the task. This approach makes it possible to distinguish, for example,
an unclear function label from a visible but insufficiently salient feedback signal or from
uncertainty about whether an area is tappable. The coding does not establish causal effects
of any individual commercial feature; instead, it identifies concrete task-to-interface prob-
lems that can motivate later controlled tests.

1.7. The Present Study

Experiment 1 provided an ecologically grounded evaluation of standard and age-
friendly versions of WeChat and Pinduoduo across ten everyday smartphone tasks in
older adults. It examined overall performance, used Activity Theory-informed video cod-
ing to identify recurrent task-to-interface mismatches, and explored whether delayed re-
call was associated with performance in a navigation-heavy product-search sequence. Ex-
periment 2 then employed a custom Android application that retained a familiar
smartphone shopping sequence and enabled controlled manipulation of menu configura-
tion and vibration feedback. The controlled experiment examined three component-level
relationships: whether menu configuration was associated with total clicks and comple-
tion time; whether vibration feedback was associated with ineffective clicks; and whether
delayed recall was associated with performance when modeled continuously. Menu con-
figuration was selected because product search entails a documented depth-breadth
trade-off [29-31]. Vibration feedback was selected because the Experiment 1 coding iden-
tified uncertainty about action registration and because tactile cues can supplement visual
confirmation [32,33]. Delayed recall was retained as a continuous predictor because target
maintenance is required across category transitions and categorization of a quantitative
score reduces statistical information [34]. These analyses are restricted to the custom prod-
uct-search task and should not be interpreted as causal evidence regarding differences
between commercial app versions. Table 1 summarizes how the present two-stage study
addresses limitations in prior age-friendly mobile-interaction evidence.

The contribution of the present study is therefore not to propose a universal age-
friendly mode or to claim that the individual design principles examined here are newly
invented. Rather, it is to establish a cognitively informed ecological-to-controlled evidence
strategy that links objective performance in commercially deployed applications, Activity
Theory-informed diagnosis of task-to-interface mismatches, controlled comparison of in-
formation-structure and action-confirmation components, and task-relevant cognitive
ability, indexed by delayed recall, in a familiar product-search workflow. This strategy
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preserves the ecological relevance of commercial applications while avoiding causal at-
tribution to any single feature within a multi-component design bundle. It supports an
integrated but outcome-specific account of age-friendly design: information structure is
evaluated in relation to search efficiency, multisensory action confirmation in relation to
ineffective clicks, and task-relevant cognitive ability in relation to target maintenance dur-
ing multi-step navigation.

Table 1. Positioning of the present study relative to prior evidence on age-friendly smartphone in-

teraction.

Prior Evidence

Main Findings Unresolved Gap

Present Advance

Guideline syntheses
[14,15,18]

Visual, navigation, cognitive- . .
. & ) & Few direct tests of commercial
load, and interaction recom- .
. app versions.
mendations.

Evaluates objective perfor-
mance before controlled com-
ponent testing.

Simplified-interface
studies [16,17,31]

Selected simplifications can im-
prove bounded usability out-
comes.

Commercial bundles do not
isolate active components.

Compares menu configuration
and vibration feedback in con-
trolled product search.

Older-adult mobile-us-
ability studies [20-22]

Navigation, action mappin
& g ppims, Observed errors are rarely

sensory, and motor barriers af- _.
y linked to later controlled tests.

fect smartphone interaction.

Uses video-coded mismatches
to motivate component selec-
tion.

Cognition and older-
adult human—com-

puter interaction (HCI) can influence everyday

[23,28]

Few studies jointly examine
Cognitive heterogeneity and  task-relevant cognitive ability
task-related memory demands and specified information-ar-
chitecture and feedback com-
ponents in a controlled mobile
task.

smartphone interaction.

Examines task-relevant cogni-
tive ability (delayed recall) con-
tinuously while testing menu
configuration and vibration
feedback in product search.

Figure 1 depicts the Activity Theory-informed diagnostic workflow used in Experi-
ment 1 and its relationship to the controlled component experiment in Experiment 2.

[ Findings from Experiment 1 guided
L component selection in Experiment 2

NG

; § = :
Experiment 1: w Activity Theory- Key mismatches Experiment 2:
Commercial app informed coding identified Controlled
evaluation component test
/ Unclear
O Goal function
10 everyday labels Custom
smartphone Q product-
tasks @ :)ng?er:ta:e Insufficient search app
. ) Q')) feedback
» salience
I Objecti O Buttons / »
I!@ rj;ec ive s o e S Menu
performance s i mbiguous — | configuration
’ i T tappable - .
E] Feedback areas
[E]:] Scree". Temporal / ; Vibration
recording Interaction L spatial g feedback
rules Q precision
) L D, '3 demands ) 9 )

Figure 1. Activity Theory-informed workflow from Experiment 1 to Experiment 2. Experiment 1
records objective performance and video-coded task-to-interface mismatches across ten everyday
smartphone tasks in commercial applications. The coding considers the user’s goal, interface objects,
available buttons or icons, feedback, and interaction rules. Experiment 2 then compares menu con-

figuration and vibration feedback in a custom smartphone-based product-search application. Note:
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The workflow explains the rationale for component selection; it does not imply that a commercial

app version establishes a causal effect of any single component.

2. Experiment 1: Ecologically Grounded Evaluation of Commercial Age-
Friendly Smartphone App Versions in Older Adults

Experiment 1 evaluated commercially deployed standard and age-friendly app ver-
sions in WeChat and Pinduoduo as they were available to older adults at the time of test-
ing. The experiment had three purposes: to test whether the commercial versions showed
an overall objective performance difference across common smartphone tasks; to identify
concrete interaction problems that bundled visual, structural, and feedback changes did
not resolve; and to explore whether delayed recall was associated with performance in a
navigation-heavy smartphone-based product-search task. Because the commercial app
versions varied simultaneously in several interface and content features, Experiment 1
was not designed to attribute a task difference to a single component. Its value was eco-
logical and diagnostic: it documented what older adults encountered in real applications
and identified task problems that warranted controlled component testing.

2.1. Method
2.1.1. Pre-Study Survey on Smartphone Use

A pre-study questionnaire, Survey on Smartphone Usage Among Older Adults, was
administered to identify commonly used smartphone applications and to select everyday
task contexts for Experiment 1. The complete questionnaire and descriptive results are
provided in Supplementary Table S1.

The survey yielded 62 valid responses from adults aged 60 years or older (35 women
and 27 men; age categories are reported in Supplementary Table 51). The three most fre-
quently used applications were WeChat, Douyin, and Pinduoduo. WeChat provides com-
munication, social-content, and payment functions; Pinduoduo is a widely used shopping
application; and Douyin primarily serves entertainment functions. These results were
used to select common smartphone contexts rather than to evaluate the perceived effec-
tiveness of age-friendly modes.

WeChat and Pinduoduo were selected because together they represented two com-
mon everyday task domains identified in the survey: communication/content-related
workflows and online-shopping workflows. The aim of Experiment 1 was not to create a
representative ranking of all popular applications, but to sample a range of everyday tasks,
including communication, content sharing, payment, customer service, product search,
and settings, within two widely used commercial applications.

Six of 62 survey respondents (9.68%) reported prior use of an age-friendly app ver-
sion. This descriptive observation was not used to infer effectiveness, user benefit, or per-
ceived usefulness; it provides context only for the subsequent task-based evaluation of
commercially available app versions.

2.1.2. Participants

Twenty-three older adults were recruited from local communities for Experiment 1.
The behavioral data of one participant were excluded under the study’s three-standard-
deviation outlier criterion before hypothesis testing. The final analytic sample comprised
22 participants (7 men and 15 women), aged 6078 years (M age = 61.86 years).

All participants met the World Health Organization’s definition of older adults [42],
namely individuals aged 60 years or older. They had more than three years of smartphone
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use experience, normal or corrected-to-normal vision, and were right-handed. Most par-
ticipants reported using smartphones for 2-6 h per day, and their educational back-
grounds ranged from primary school to undergraduate education or above.

2.1.3. Design

To compare interaction performance between standard and age-friendly app ver-
sions, app version was treated as a within-subject factor with two levels: standard version
and age-friendly version. The dependent variables were the total number of clicks, task
completion time, and the number of erroneous clicks.

The total number of clicks and completion time were measured from the moment
participants first touched the smartphone screen after receiving task instructions until the
task was completed. Erroneous clicks were identified through video-based activity anal-
ysis guided by Activity Theory. An erroneous click was defined as an interaction that did
not advance the participant toward the task goal or that reflected a mismatch between the
participant’s intended action and the interface response.

2.1.4. Equipment and Materials

All tasks were performed on an HONOR 50 smartphone (Honor Device Co., Ltd.,
Shenzhen, China) with a 6.57-inch display, a 120 Hz refresh rate, a resolution of 2340 x
1080 pixels, and a pixel density of 392 ppi. WeChat (version 8.0.44; Tencent Technology
(Shenzhen) Company Limited, Shenzhen, China) and Pinduoduo (version 6.91.0; Shang-
hai Xunmeng Information Technology Co., Ltd., Shanghai, China) were used as the ex-
perimental apps in Experiment 1.

Participants” overall cognitive function was assessed using the Beijing version of the
Montreal Cognitive Assessment (MoCA-BJ) [43,44]. The MoCA-B] includes 11 items cov-
ering multiple cognitive domains, including visuospatial and executive function, memory,
attention, language, abstraction, delayed recall, temporal orientation, and spatial orienta-
tion. The maximum score is 30 points. In accordance with the standardized scoring pro-
tocol, one additional point was added for participants with fewer than 12 years of formal
education to adjust for educational background. All cognitive assessments were adminis-
tered by researchers trained in clinical testing procedures.

Given that smartphone use requires information processing, visual attention, work-
ing memory, and visual-motor coordination [8], the Symbol Digit Modalities Test (SDMT)
[45] was used to assess participants’ information processing speed. Participants were first
instructed on the symbol-digit coding rules, which consisted of nine digits paired with
nine abstract symbols displayed at the top of the test sheet. During the 90-s timed test,
participants matched as many symbol-digit pairs as possible. The final score was the
number of correct matches.

2.1.5. Procedure

Before the formal experiment, participants completed a demographic questionnaire
that collected information on gender, age, education level, and daily smartphone use du-
ration. They then received a detailed explanation of the experimental purpose, apparatus,
task requirements, and procedure. Questions were answered before the experiment began.
Participants were given sufficient time to familiarize themselves with both the standard
and age-friendly versions of the two apps to ensure that they understood the basic task
operations.

Each participant completed ten everyday smartphone tasks in both app versions. The
order of the standard and age-friendly versions was counterbalanced, and task order was
randomized. The tasks covered social communication, photo and video sharing, mobile
payment, customer service, smartphone-based product search, saved-item retrieval, and
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application settings. Supplementary Table 52 provides the complete task inventory, app
version, task instruction, and completion criterion.

The coding framework drew on established evaluation approaches and research-de-
rived touchscreen guidance for older adults, particularly the framework summarized by
Nurgalieva et al. [14]. Supplementary Table S3 reports the Activity Theory-informed cod-
ing categories, operational definitions, decision rules, and representative examples used
to classify task-to-interface mismatches.

After completing the ten tasks in one app version, participants completed the MoCA-
BJ and SDMT to assess overall cognitive function and information processing speed. They
then completed the same ten tasks using the other app version. No time limit was imposed.
All interaction processes were recorded using a secondary smartphone, which captured
participants’ screen taps and human-smartphone interaction behaviors. These recordings
were later used to identify and interpret erroneous clicks through Activity Theory-based
video analysis.

Supplementary Table 54 provides the full coding frequencies and representative
video-coded task-to-interface mismatches.

2.2. Data Analysis and Results
2.2.1. Task Performance Differences Between Standard and Age-Friendly Versions

All statistical analyses were conducted using IBM SPSS Statistics (version 27.0.1.0;
IBM Corp., Armonk, NY, USA). Analyses proceeded in four steps. First, participant-level
totals for clicks, completion time, and erroneous clicks were compared between the stand-
ard and age-friendly versions with Wilcoxon signed-rank tests because the overall indica-
tors violated normality assumptions. Rank-biserial correlations and 95% bias-corrected
and accelerated (BCa) bootstrap confidence intervals (Cls) for mean paired differences
were used to characterize the magnitude and precision of the overall contrasts. Second,
exploratory task-level Wilcoxon comparisons were conducted separately for total clicks
and completion time across the ten tasks; Benjamini-Hochberg adjustment was applied
within each outcome family. Third, an exploratory ordinary least-squares regression ex-
amined the association between delayed-recall score and Task 8 performance in the stand-
ard version; a sensitivity model additionally adjusted for age, sex, education, and daily
smartphone use. Fourth, video-coded erroneous clicks were summarized descriptively by
breakdown category. Full descriptive statistics and complete test outputs are provided in
the Supplementary Materials.

The standard and age-friendly app versions did not differ in any overall behavioral
indicator: total clicks (W =108, p = 0.548, rank-biserial r = —0.146; 95% BCa bootstrap CI for
the mean paired difference [-14.00, 9.05] clicks), completion time (W = 117.5, p = 0.770,
rank-biserial r = 0.071; 95% BCa bootstrap CI [-29.91, 54.00] s), or erroneous clicks (W =
113, p = 0.930, rank-biserial r = -0.022; 95% BCa bootstrap CI [-1.82, 2.00] clicks). Differ-
ences are standard-version minus age-friendly-version values. Across the ten everyday
smartphone tasks, the commercial age-friendly versions showed no overall objective per-
formance advantage over the standard versions. The effect-size estimates were close to
zero, and the confidence intervals spanned both directions. Figure 2 shows the partici-
pant-level distributions for the three overall behavioral indicators.
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Figure 2. Overall task performance by commercial app version in Experiment 1: (a) total clicks, (b)
completion time (s), and (c) erroneous clicks. Note: Violin plots show participant-level distributions;
the central box indicates the interquartile range, the horizontal line indicates the median, and points
indicate individual participants. Overall standard-versus-age-friendly contrasts were not significant
for total clicks, completion time, or erroneous clicks (all ps > 0.548). The figure is descriptive and
does not identify the effect of any individual interface component because the commercial configu-

rations differed in multiple features.

2.2.2. Exploratory Task-Specific and Delayed-Recall Analyses

Exploratory task-level comparisons were conducted across the ten tasks to character-
ize task-specific patterns. In Task 8, a Pinduoduo product-search task, participants made
fewer clicks in the age-friendly version (M = 10.09, SD = 6.26) than in the standard version
(M =19.27, SD = 16.28; Wilcoxon W = 61, p = 0.033, rank-biserial r = 0.518; paired mean
difference = 9.18 clicks, 95% bootstrap CI [3.41, 15.64]) and completed the task faster (age-
friendly: M =18.41 s, SD = 9.49; standard: M =40.77 s, SD = 36.55; W = 49, p = 0.012, rank-
biserial r = 0.613; paired mean difference =22.36 s, 95% bootstrap CI [8.73, 38.09]). Because
Task 8 was selected from ten task-level comparisons, Benjamini-Hochberg correction was
applied separately within each outcome family. Neither nominal difference remained sig-
nificant after correction (adjusted p =0.195 for total clicks; adjusted p = 0.119 for completion
time). Task 8 is therefore reported as an exploratory commercial observation rather than
as evidence that menu configuration caused the difference. As documented in Supple-
mentary Tables S5 and S11, the commercial versions differed simultaneously in target
product, category labels, screen content, visual arrangement, and navigation path; these
co-occurring features cannot be disentangled retrospectively.

Descriptive MoCA-BJ subdomain scores and SDMT scores are provided in Supple-
mentary Table S6. To examine the task-relevant role of delayed recall as a memory-specific
cognitive ability without dichotomizing the sample, an exploratory ordinary least-squares
regression focused on the standard-version Task 8 sequence, which required navigation
through multiple category steps before reaching the product-detail page. Higher delayed-
recall score was associated with fewer total clicks (standardized 3 =-0.652, R?=0.426, F(1,
20)=14.82, p=0.001; b = -7.82 clicks per recalled word, 95% CI [-12.05, =3.58]) and shorter
completion time (standardized (3 = —0.653, R? = 0.426, F(1, 20) = 14.84, p = 0.001; b =-17.55
s per recalled word, 95% CI [-27.06, —8.05]). In sensitivity models additionally adjusting
for age, sex, education, and daily smartphone use, the associations remained significant
for clicks (b =-6.91, 95% CI [-11.55, —2.27], p = 0.006) and completion time (b =-15.81, 95%
CI[-26.16,-5.47], p = 0.005). These exploratory associations do not identify a cognitive-by-
interface causal mechanism; they indicate that delayed recall may be relevant when older
adults maintain a target while navigating a multi-step product-search sequence. We did
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not conduct post hoc high/low subgroup comparisons because categorization created un-
balanced groups and discarded information from the continuous score [34].

2.2.3. Behavioral Causes of Erroneous Clicks

Approximately 12 h of video data were collected in Experiment 1. Following
Mwanza’s eight-step Activity-Oriented Design Methodology [40] and prior Activity The-
ory applications to video analysis [39,41], coders identified actions that did not advance
the participant toward the stated task goal. Each event was classified according to the
mismatch among the task goal, the interface object, the available button or icon, the feed-
back following the action, and the interaction rule required for task completion. Table 2
summarizes the primary categories; Supplementary Table 54 provides full frequencies,
operational definitions, and representative events.

Table 2. Core Activity Theory-informed interaction-breakdown categories in Experiment 1.

Breakdo Share of Cod
N wi ,e € Illustrative Task-to-Interface Mismatch Design Implication
Category Assignments
Unclear function 44,959, Mapping a stated task goal to the correctUse semantically transparent la-
buttons U button, icon, or function entry. bels and action mappings.
C dundant action-con-
Insufficiently sali- Recognizing whether an effective action -ompare rectindant action-con
26.15% . firmation cues, including brief
ent feedback has registered. .
vibration.
Unclear valid inter- 11.01% Distinguishing tappable controls from Clarify tappable boundaries and
action area P noninteractive content. feedback states.
Temporal or spatial 17.89°% Managing touch duration, spacing, sen- Increase tolerance and reduce

precision problems

sitivity, or prompts. avoidable precision demands.

The most frequent category involved unclear function buttons (44.95% of code as-
signments). Participants sometimes selected a button or icon whose label, visual appear-
ance, or placement did not clearly indicate how it would advance the stated task goal. For
example, participants could confuse a function entry with a similarly placed navigation
option. These events indicate a weak mapping between the task goal and the action im-
plied by the interface label or affordance.

Insufficiently salient feedback accounted for 26.15% of code assignments. In these
events, a highlight, prompt, or visual state change was present but did not clearly com-
municate whether the preceding touch had registered. Participants could repeat the same
action or continue searching for a response. This observation does not show that vibration
improves every commercial interaction; it provides a task-grounded reason to compare a
supplementary vibration cue under controlled conditions.

Unclear valid interaction areas accounted for 11.01% of code assignments. A further
17.89% of code assignments involved temporal or spatial precision problems, including
insufficient touch duration, overly sensitive responses, limited spacing between controls,
and failure to notice a prompt. Together, these categories show that the errors were not
simply individual mistakes: they reflected mismatches among task goals, visible interface
elements, feedback salience, and interaction rules.

The coding results explain the transition from Experiment 1 to Experiment 2 without
converting commercial observations into causal claims. Smartphone-based product
search was retained as the controlled task context because it requires target maintenance,
category selection, and navigation across screens. Menu configuration was selected be-
cause this task involves a depth-breadth trade-off between visual search and sequential
navigation [29-31]. Vibration feedback was selected because many coded events involved
uncertainty about whether an action had registered, a problem for which an additional
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tactile cue is theoretically plausible [32]. Delayed recall was retained because both the task
structure and the exploratory Task 8 association implicated target maintenance across
navigation steps. These elements were subsequently compared or modeled in a custom
application that fixed the product pool, final-stage item count, and core interaction rules
while manipulating the specified components.

2.3. Discussion

Experiment 1 provides ecological evidence rather than a component-level causal test.
Across ten everyday smartphone tasks in two widely used Chinese applications, the com-
mercially deployed standard and age-friendly app versions did not show an overall dif-
ference in total clicks, completion time, or erroneous clicks. This result does not imply that
age-friendly design is ineffective. It indicates that the particular commercial modes tested
here did not automatically translate their bundled visual, structural, and feedback
changes into an overall objective performance advantage across the selected tasks.

The Task 8 pattern should be interpreted cautiously. Its nominal differences did not
survive correction for the ten task-level comparisons, and the two commercial versions
differed in target product, category labels, screen content, visual arrangement, and navi-
gation path. The commercial comparison therefore cannot identify menu configuration as
the causal source of the pattern. Its value is to identify product search as a relevant
smartphone task context in which navigation, target maintenance, and action confirma-
tion can be tested more directly.

The video analysis adds information that aggregate behavioral totals cannot provide.
The four observed categories connect errors to concrete interface demands: clearer func-
tional labels and action mappings; more visible feedback states; recognizable tappable
boundaries; and greater tolerance for temporal or spatial imprecision. These observations
are relevant to older adults because age-related changes in vision, motor precision, atten-
tion, and memory can make such demands more consequential, but the present coding
does not attribute any error to a single user characteristic.

The exploratory delayed-recall associations add a cognitively informed perspective
to the real-app evaluation. They suggest that task-relevant cognitive ability, indexed by
delayed recall, may be relevant when a user must retain target information, decide among
categories, and maintain a search goal across several screens. Because these analyses were
exploratory and the commercial versions were not equivalent, the findings were used to
identify target maintenance as a task demand for controlled evaluation rather than to infer
differential effects of commercial interface features. Experiment 2 was designed to com-
pare specified interface components under controlled task conditions.

3. Experiment 2: Controlled Test of Menu Configuration and Vibration
Feedback in Older Adults’ Smartphone-Based Product Search

Experiment 2 used a custom Android application to compare menu configuration
and vibration feedback in a controlled smartphone-based product-search task involving
older adults. The application preserved a familiar shopping-search sequence while allow-
ing specified interface components to be compared under defined task conditions. This
design addressed a limitation of Experiment 1: the commercial app versions changed mul-
tiple content and interface characteristics simultaneously. Experiment 2 therefore tested
whether menu configuration and vibration feedback were associated with behavior in the
custom task; it did not estimate the aggregate effect of any commercial age-friendly mode.
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3.1. Method
3.1.1. Participants

Thirty older adults were recruited from local communities for Experiment 2. The
sample included 17 males and 13 females. Participants ranged in age from 60 to 81 years,
with a mean age of 66.33 years. All participants were aged 60 years or older, had more
than three years of smartphone use experience, had normal or corrected-to-normal vision,
and were right-handed.

Experiment 2 used a task-embedded delayed-recall procedure adapted from the de-
layed-recall component of the MoCA-B]J. Participants first encoded five target words and
completed a recognition check. After completing the search trials under the first feedback
condition, they verbally recalled as many target words as possible before completing the
search task under the alternate feedback condition. The delayed-recall score was the num-
ber of correctly recalled words (possible range: 0-5; observed range: 0—4; M = 2.03, SD =
1.45). The score was mean-centered and entered as a continuous participant-level predic-
tor in the primary models [34]. Low-, medium-, and high-recall categories would have
produced unbalanced groups (n=11, n=12, and n =7, respectively) and discarded infor-
mation contained in the continuous score; they were therefore not used for inferential
analyses. The experiment used a 2 (feedback mode: vibration, no vibration) x 4 (menu
configuration: flat, two-level, three-level, four-level) within-participant design. Each par-
ticipant contributed one mean value for each of the eight feedback-by-menu-configuration
conditions, calculated across five formal product-search trials.

3.1.2. Design

In the vibration-feedback condition, the app provided tactile vibration feedback
when participants performed an effective interaction operation. In the no-vibration-feed-
back condition, no tactile feedback was provided. The dependent variables were the total
number of clicks, task completion time, and the number of ineffective clicks. The total
number of clicks and completion time were recorded from the moment participants
pressed the “start” button until the target product was successfully selected. Ineffective
clicks were defined as interaction attempts that did not advance the participant toward
the correct target or task state. Errors unrelated to the interface operation itself, such as
misunderstandings of the task goal or accidental non-task touches, were not included in
the ineffective-click count.

3.1.3. Equipment and Materials

The experiment was conducted using the same HONOR 50 smartphone as in Exper-
iment 1, with a 6.57-inch display, a 120 Hz refresh rate, a resolution of 2340 x 1080 pixels,
and a pixel density of 392 ppi.

A custom Android application was developed in Android Studio Hedgehog, 2023.1.1
(Google LLC, Mountain View, CA, USA) to preserve a familiar smartphone shopping-
search sequence while enabling controlled comparison of specified interface components.
The application included flat, two-level, three-level, and four-level menu configurations.
Product names and images were selected from common shopping conventions to retain
task familiarity. The application did not reproduce a commercial application; its purpose
was to compare menu configuration and vibration feedback while avoiding the multiple
co-occurring changes present in the commercial app versions.

To improve comparability across conditions, the underlying product pool (64 items),
target-selection rule, start-to-selection procedure, and non-vibratory visual-feedback tim-
ing were held constant. In the two-level, three-level, and four-level configurations, the
final selection screen contained eight products, thereby holding final-stage item count
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constant across the hierarchical configurations. Product positions were randomized to re-
duce position-based learning. The presence versus absence of a brief vibration cue was
the only feedback manipulation. Menu configuration necessarily altered how category de-
cisions were distributed across screens; however, it did not alter the defined product pool,
target-selection rule, or core response contingencies. Full implementation details, menu
inventories, target-placement rules, and representative menu-configuration screens are
provided in Supplementary Tables S7 and S10.

3.1.4. Procedure

Before the formal experiment, participants completed the demographic information
procedure used in Experiment 1. They were then briefed on the experimental equipment,
stimuli, task requirements, and procedure. Any questions were answered before the task
began.

The experiment started with the encoding phase of the delayed-recall task adapted
from the MoCA-B]J. Participants were asked to remember the target words. A recognition
task containing target words and visually similar distractor words was then administered
to ensure that participants had encoded the words before the subsequent product search
task. Participants proceeded to the product search task only after correctly recognizing
the target words. If a participant failed the recognition task, the encoding and recognition
phases were repeated until the participant passed.

Participants then completed four practice trials, one for each menu hierarchy struc-
ture, to become familiar with the task and interface. After the practice trials, they per-
formed the formal product search task under one of the two feedback conditions, either
vibration feedback or no vibration feedback. The order of feedback conditions was coun-
terbalanced across participants. After completing the search trials under the first feedback
condition, participants completed the delayed-recall test by verbally recalling as many
target words as possible. They then completed the search task under the alternate feed-
back condition.

Each menu hierarchy structure included five search trials under each feedback mode.
Therefore, each participant completed 40 formal trials in total, consisting of 4 menu hier-
archy structures x 2 feedback modes x 5 trials. In each trial, the participant searched for a
specified target product using the custom shopping app. The target product was ran-
domly selected and placed at the bottom layer of the corresponding menu hierarchy struc-
ture.

A trial was considered successful when the participant selected the correct target
product. A correct selection triggered a pop-up message stating, “Correct answer! Please
click ‘next’ to continue.” An incorrect selection triggered a pop-up message stating, “In-
correct answer, please choose the product again.” Participants could tap “OK” or tap else-
where on the screen to return to the current interface, or they could use the “back” button
to navigate to a previous category. No time limit was imposed.

Figure 3 illustrates the Experiment 2 procedure and the task-embedded delayed-re-
call sequence.
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Figure 3. Experiment 2 procedure. Participants completed word encoding and a recognition check,
practice trials, a first product-search block under one feedback condition, delayed verbal recall, and
a second product-search block under the alternate feedback condition. The order of the two feed-
back conditions was counterbalanced across participants. Each feedback block included five formal
trials for each menu configuration. Note: The illustration depicts the experimental sequence. De-
tailed implementation settings are reported in Supplementary Table S7, and representative menu-

configuration screens are provided in Supplementary Table S10.

3.2. Data Analysis and Results
Product Search Performance

Participant-condition means were calculated across the five formal trials in each feed-
back-by-menu-configuration condition. The outcomes were total clicks, completion time,
and ineffective clicks. Total clicks and completion time were log-transformed; ineffective
clicks were analyzed as log(1 + x) because zero values occurred. A preliminary likelihood-
ratio comparison tested an additive model against a model including all two-way interac-
tions among menu configuration, feedback mode, and mean-centered delayed recall. The
interaction block did not improve model fit for total clicks (p = 0.665), completion time (p
=0.558), or ineffective clicks (p = 0.461). The final models therefore included menu config-
uration, feedback mode, delayed recall, and a participant-specific random intercept. Age
and sex were available in Experiment 2 and were added to sensitivity models as partici-
pant-level covariates. Education and daily smartphone-use duration were not available in
the Experiment 2 analytic dataset and therefore could not be included in those sensitivity
models.

Table 3 reports fixed-effect estimates from the primary mixed-effects models. Figure
4 shows model-estimated performance by menu configuration and feedback mode. The
results paragraphs below report the main effects only; interpretations of why the patterns
may have occurred are reserved for the Discussion.

Relative to the flat configuration, the two-level configuration was associated with
fewer total clicks (b = -0.837, 95% CI [-0.949, -0.724], p < 0.001; 56.7% lower) and shorter
completion time (b = -0.367, 95% CI [-0.487, -0.247], p < 0.001; 30.7% shorter). The three-
level configuration was associated with fewer total clicks (b = -0.608, 95% CI [-0.720,
-0.496], p < 0.001; 45.6% lower) and shorter completion time (b = -0.162, 95% CI [-0.282,
-0.042], p = 0.008; 14.9% shorter). The four-level configuration was associated with fewer
total clicks (b =-0.376, 95% CI [-0.488, —0.263], p < 0.001; 31.3% lower) but longer comple-
tion time (b = 0.198, 95% CI [0.078, 0.318], p = 0.001; 21.9% longer).
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Vibration feedback was associated with fewer ineffective clicks (b = -0.226, 95% CI
[-0.376, —0.076], p = 0.003; 20.2% lower). In the primary additive model, higher delayed-
recall score was associated with shorter completion time (b = —0.069, 95% CI [-0.125,
-0.012], p = 0.017; approximately 6.6% shorter per recalled word). In sensitivity models
adding age and sex, the menu-configuration and vibration estimates were unchanged,
whereas the delayed-recall estimate for completion time was attenuated and no longer
statistically significant (b = -0.026, 95% CI [-0.086, 0.034], p = 0.392). Supplementary Table
S9 reports the primary and sensitivity model outputs. The menu-configuration and vibra-
tion estimates therefore remained stable after adjustment for the demographic covariates
available in Experiment 2. This sensitivity analysis does not rule out confounding by un-
measured factors, including digital literacy, education, prior application familiarity, or
broader cognitive abilities. The delayed-recall association should be treated as exploratory
evidence requiring replication with fuller measurement of cognitive and demographic
characteristics.

Table 3 summarizes the key mixed-effects estimates for total clicks, completion time,
and ineffective clicks. Figure 4 presents model-estimated performance differences across
menu configurations.

Table 3. Key mixed-effects estimates for Experiment 2 outcomes.

Outcome Contrast b [95% CI] p Back-Transformed Change

Two-level vs. flat -0.837 [-0.949, -0.724] <0.001 56.7% lower

Total clicks Three-level vs. flat -0.608 [-0.720, -0.496] <0.001 45.6% lower
Four-level vs. flat —0.376 [-0.488, —0.263] <0.001 31.3% lower

Two-level vs. flat -0.367 [-0.487, -0.247] <0.001 30.7% shorter

Completion time Three-level vs. flat -0.162 [-0.282, -0.042] 0.008 14.9% shorter
Four-level vs. flat 0.198 [0.078, 0.318] 0.001 21.9% longer

Ineffective clicks  Vibration vs. no vibration = -0.226 [-0.376, -0.076] 0.003 20.2% lower

Note: CI = confidence interval. Total clicks and completion time were modeled on the natural-log
scale; ineffective clicks were modeled as log(1 + x). Percentage changes are back-transformed from
fixed-effect coefficients. Menu contrasts are relative to the flat configuration, and the feedback con-
trast is relative to the no-vibration condition. Full primary and sensitivity-model estimates are re-

ported in Supplementary Table S9.
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Figure 4. Model-estimated performance in Experiment 2. Panels show estimated effects of menu
configuration and vibration feedback on (a) total clicks, (b) completion time, and (c) ineffective clicks.
Error bars indicate 95% confidence intervals. Note: Estimates are derived from the primary additive
mixed-effects models with a participant-specific random intercept. Total clicks and completion time
were modeled on the log scale, and ineffective clicks were modeled as log(1 + x); key fixed-effect

coefficients are reported in Table 3.
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3.3. Discussion

Experiment 2 provides a controlled comparison of menu configuration in an older-
adult smartphone-based product-search task. The results do not establish a universal op-
timal menu configuration. Within the tested product pool and device, the two-level con-
figuration was associated with the fewest clicks and shortest completion time relative to
the flat reference. The three-level configuration also improved both outcomes, whereas
the four-level configuration reduced clicks but increased completion time. These patterns
suggest that the practical costs of a configuration depend on the balance between the num-
ber of items presented at a screen and the number of sequential category decisions re-
quired.

From an HCI perspective, a flat configuration can reduce screen transitions but may
enlarge the visual search space and scanning burden. A deeper configuration can reduce
the number of visible options but may require additional category decisions and preser-
vation of the target across screens. The observed two-level advantage may therefore re-
flect a workable balance for this product set. This interpretation is consistent with depth-
breadth research but is not direct evidence about eye movements, visual crowding, work-
load, or working-memory processes.

The vibration result is more specific. A short tactile cue following an effective action
was associated with fewer ineffective clicks, consistent with the possibility that an addi-
tional confirmation channel reduced uncertainty about whether the application had reg-
istered a touch. The study did not show that vibration should be constant, strong, or pre-
sent in every smartphone workflow. The delayed-recall analyses add a cognitively in-
formed perspective to the controlled task. In the primary model, higher delayed-recall
scores were associated with shorter completion time, although this association was atten-
uated after adjustment for age and sex. This pattern suggests that task-relevant cognitive
ability, indexed here by delayed recall, should be considered when evaluating target-
maintenance demands in multi-step product search. The interaction analyses did not iden-
tify differential menu effects across delayed-recall scores; future studies should therefore
examine this relationship using broader cognitive assessment and direct measures of dig-
ital literacy, education, and application familiarity.

4. General Discussion
4.1. An Ecological-to-Controlled Evidence Strategy for Age-Friendly Smartphone Design

The two experiments answer complementary questions that should not be conflated.
Experiment 1 evaluated commercially deployed age-friendly app versions as real but
mixed design packages. It asked whether these versions improved objective performance
in everyday smartphone tasks and identified the task-to-interface mismatches that re-
mained visible during use. Experiment 2 addressed a different question: when specified
interface components are compared under controlled product-search conditions, how are
menu configuration and vibration feedback associated with distinct behavioral outcomes?

The central contribution is therefore a cognitively informed ecological-to-controlled
evidence strategy rather than a universal design rule or a new cognitive typology. The
strategy links objective performance in commercial smartphone applications, Activity
Theory-informed video analysis of concrete interaction problems, controlled comparison
of specified interface components, and continuous modeling of task-relevant cognitive
ability, indexed by delayed recall. This sequence preserves the ecological relevance of real
applications while avoiding causal overinterpretation of multi-component commercial
comparisons. It also revealed an outcome-specific pattern: menu configuration was pri-
marily associated with search efficiency, whereas vibration feedback was primarily asso-

https://doi.org/10.3390/app16146946


https://doi.org/10.3390/app16146946

Appl. Sci. 2026, 16, 6946

19 of 23

ciated with ineffective clicks. In this framework, task-relevant cognitive ability is consid-
ered as a source of heterogeneity relevant to target maintenance during multi-step navi-
gation, complementing component-level interface evaluation.

4.2. Bounded Design Actions for Mobile Product Search

The controlled findings support an outcome-specific approach to design. Menu con-
figuration was associated primarily with search efficiency, whereas vibration feedback
was associated primarily with action verification. These components should therefore not
be treated as interchangeable “senior-friendly” features. Instead, each should be evalu-
ated against the particular task problem it is intended to address: excessive visual search,
unnecessary sequential navigation, or uncertainty about whether an action has registered.

First, menu configuration should be evaluated against the product set and workflow
rather than selected solely because it is flatter or visually simpler. In the present task, a
two-level configuration balanced the large visual search space of the flat configuration
against the additional sequential decisions of deeper configurations. A practical example
is a shopping interface that uses one meaningful category step before showing a manage-
able product list. This is a design action for product-search tasks, not a general rule for
every smartphone application.

Second, action confirmation should be explicit when an ambiguous or unregistered
touch is likely to create repetition, uncertainty, or a wrong turn. In the present task, a brief
vibration after an effective action was associated with fewer ineffective clicks. A practical
example is a product-selection or quantity-adjustment action that produces both a clear
visual state change and a short optional vibration. The evidence does not support contin-
uous or intrusive vibration across all workflows; the cue should remain optional, non-
intrusive, and evaluated in the context in which it is used.

Third, product-search interfaces should be evaluated with attention to task-relevant
cognitive ability. Multi-step navigation requires users to maintain the target product
while interpreting category labels and recovering from wrong turns. In the present study,
delayed recall was modeled continuously alongside the interface components, suggesting
that understandable labels, visible back navigation, current-path information, and recov-
erable target instructions are relevant design hypotheses for workflows with substantial
target-maintenance demands. These suggestions require direct testing with broader cog-
nitive measures, additional task types, and user-reported outcomes before they can be
treated as general recommendations.

4.3. Limitations and Future Research

Several limitations qualify the present findings. First, the samples were modest and
comprised community-dwelling older adults who reported more than three years of
smartphone experience, had normal or corrected-to-normal vision, and were right-
handed. The estimates should be interpreted as evidence from restricted local samples
rather than as population-level design rules. Larger, more diverse, preregistered replica-
tions are needed to test whether the patterns vary by age, education, digital literacy, health
status, socioeconomic background, smartphone experience, sensory or motor capacity,
and cognitive impairment.

Second, Experiment 1 compared naturally occurring commercial app versions in Chi-
nese applications. Their feature labels, shopping conventions, and age-friendly configura-
tions may not generalize directly to other cultural, linguistic, or platform contexts. Prior
familiarity with the applications, digital literacy, education, technology anxiety, self-effi-
cacy, visual and motor capacity, target familiarity, and broader executive or visuospatial
abilities were not comprehensively measured or statistically controlled. Familiarization
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reduced misunderstanding of the experimental procedure but did not equalize these char-
acteristics. The Task 8 comparison also involved non-equivalent target content and screen
characteristics; it was therefore treated only as an exploratory commercial observation. In
the exploratory Experiment 1 Task 8 analyses, sensitivity models adjusted for the available
age, sex, education, and daily smartphone-use variables. In Experiment 2, only age and
sex were available for sensitivity adjustment. Neither analysis eliminates the possibility
of residual confounding by unmeasured factors.

Third, Experiment 2 increased control at the cost of scope. It examined a single
smartphone-based product-search task on one Android device, with a fixed product pool,
particular category labels, a specific vibration implementation, and objective behavioral
outcomes. Age and sex were included in sensitivity models, whereas education and daily
smartphone-use duration were not available in the Experiment 2 analytic dataset. The
study did not assess workload, usability scales such as the System Usability Scale, satis-
faction, perceived effort, user acceptance, vibration annoyance, eye movements, or longer-
term adoption. The task-embedded delayed-recall procedure was adapted from one
MoCA-BJ component and does not constitute a full cognitive assessment. Future research
should test the same components in payment, health, communication, and multi-item
shopping tasks; recruit broader samples; measure application familiarity and digital liter-
acy directly; and combine behavioral logs with subjective and longitudinal outcomes.

5. Conclusions

Commercial age-friendly modes are useful real-world design packages, but they can-
not by themselves reveal which interface features improve older adults’ task performance.
This two-stage study therefore combined ecological evaluation of commercially deployed
app versions with controlled comparison of specified components in smartphone-based
product search. The commercial versions tested did not show an overall performance ad-
vantage, and the nominal Task 8 pattern could not be attributed to menu configuration
because multiple interface and content features varied together. Under controlled task
conditions, the two-level menu configuration was associated with fewer clicks and shorter
completion time relative to the flat configuration, whereas brief vibration feedback was
associated with fewer ineffective clicks. These findings do not identify a universal age-
friendly mode or a universally optimal menu. Within the tested product-search context,
they motivate a cognitively informed, information-structure-prioritized, and multisen-
sory design approach. In this approach, information architecture and action-confirmation
cues are evaluated in relation to search efficiency and action verification, while delayed
recall is considered as a continuous task-relevant cognitive indicator of target-mainte-
nance demands during multi-step navigation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app16146946/s1; The pre-study questionnaire and descrip-
tive results (Table S1); Experiment 1 task inventory (Table S2); Activity Theory-informed coding
framework and decision rules (Table S3); coding frequencies and representative video-coded task-
to-interface mismatches (Table S4); commercial Task 8 configuration inventory (Table S5); Experi-
ment 1 participant characteristics and cognitive descriptive statistics (Table S6); Experiment 2 im-
plementation checklist and target-placement rules (Table S7); procedural details and task-embed-
ded delayed-recall sequence (Table S8); complete statistical outputs (Table S9); representative menu-
configuration interface examples (Table 510); and commercial Task 8 procedures and interface ex-
amples (Table S11).
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