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Abstract

INTRODUCTION: Against the background that urban sports facilities for older adults are mostly planned as isolated
construction projects, with access, operation-maintenance and digital inclusion handled as fragmented separate tasks, this
paper constructs a lightweight digital optimization framework connecting multiple functional links for age-friendly sports
facilities.

OBJECTIVES: To develop a lightweight digital optimization framework that links needs assessment, asset information,
condition monitoring, service scheduling, and inclusive user feedback for urban sports facilities for older adults.
METHODS: Comparative analysis of age-friendly initiatives in Beijing and Singapore, six-week pilot site experiment,
counterbalanced-order within-subject test were adopted. The technical tools included tablet dashboard, QR-free large-button
interface, infrared entry counter and weekly maintenance log, without cloud model training or specialized medical sensing
equipment.

RESULTS: A lightweight digital optimization framework covering needs assessment, asset information, condition

g service scheduling and inclusive user feedback was formed, which provides explicit data fields, operating
thresholds, and human fallback procedures for age-friendly facility planning and utilization. The pilot test with 36
participants aged 60-79 showed that, compared with routine service, the digital-support condition yielded higher site-use
rate (63.5% vs 41.0%), longer observed activity sessions (32.8 min vs 24.6 min), higher task-completion scores (79.4 vs
62.8), higher facility usability index (78.2 vs 61.3), and the mean maintenance response time decreased from 3.6 days to
1.9 days.

CONCLUSION: The proposed lightweight digital framework can effectively improve site utilization, user task-completion
performance, facility usability and maintenance efficiency of urban sports facilities for older adults, offering operable
reference for age-friendly facility planning and daily operation.
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1. Introduction

Population ageing changes the performance requirements of
urban sports facilities. A site is not age-friendly merely
because it contains exercise equipment; it must be reachable,
legible, safe to use, maintained after installation, and
supported by services that respect different physical and
digital abilities. In many communities, construction budgets
are visible, while the less visible work of scheduling,
inspection, feedback, and inclusion remains fragmented. The
result is a facility that may be technically complete but
underused by the people it was intended to serve.

Digital technologies can improve this situation when they
are used to connect decisions rather than to decorate a facility
with screens. A small set of structured records can link a
user's need to an entrance route, equipment clearance,
inspection item, service timetable, and feedback action.
Simple counters and maintenance logs can show when a site
is busy or when a component requires attention. A large-
button tablet interface can provide exercise instructions
without making a smartphone mandatory. These functions
support the inclusive physical-activity principles in the World
Health Organization's active-ageing guidance and the
international quality-physical-activity agenda [1], [2].

This study addresses the engineering problem of full-chain
coordination. It asks how a city can specify digital data fields,
operational thresholds, and human fallback procedures so that
age-friendly requirements survive from planning to daily use.
The contribution is a four-dimensional framework covering
precision planning and collaborative design, intelligent
construction and supervision, smart operation and
maintenance, and inclusive utilization and capacity building.
A small pilot measures site use, session duration, task
completion, maintenance response, and user-reported ease
while testing the practicality of a connected workflow.

The design problem is also a resource-allocation problem.
A community site has a finite number of staff hours,
inspection visits, accessible activity slots, and replacement
parts. Digital records are therefore useful only when they
reduce coordination delay or make a decision more
transparent. In this study, every proposed data field has a
corresponding operational question: which user group is
being served, which asset is affected, who must act, and when
the action is considered complete. Fields without an owner or
a decision rule are omitted. This deliberately modest scope
makes the framework implementable in sites that have no
dedicated data engineer. The feasibility pilot of this study was
carried out at urban community sports venues in East China.
It should be clarified that these pilot sites differ from the
Beijing and Singapore programmes presented in this paper.
The two cases merely provide contextual background instead
of acting as empirical test sites for our field investigation.

2. Related work

Age-friendly environmental design is grounded in universal
design, which seeks usable environments without requiring
later adaptation for a separate user group [3]. For sports

facilities, relevant characteristics include continuous
accessible routes, adequate rest points, high-contrast
information, manageable reach ranges, non-slip surfaces, and
clear supervision. Older adults are not a homogeneous
category: strength, vision, hearing, balance, confidence, and
digital experience vary widely. A design therefore needs
adjustable difficulty and more than one route to the same
service.

Technology adoption research shows that perceived
usefulness, effort expectancy, social support, and facilitating
conditions influence whether older adults use digital services
[4], [5]. Complexity, fear of error, and inaccessible
authentication can create a digital barrier even when the
physical facility is well designed. Human-centered design
recommends visible system status, recoverable actions, plain
language, and recognition rather than recall [6]. These
principles favor a dashboard that complements staff and paper
signage, with an immediate non-digital alternative when a
user cannot or does not wish to use a device.

Smart-city and active-ageing programs illustrate two
implementation patterns. The Beijing smart-community
approach emphasizes platform coordination, facility
upgrading, and public-private resource integration.
Singapore's active-ageing model places stronger emphasis on
community hubs, outreach, and service linkage. The
difference is not a technology ranking; it is a difference in
governance and the way digital tools are embedded in local
support networks. Descriptions of these two programmes
draw upon publicly accessible government reports, official
project briefings and existing peer-reviewed analyses [8,11].
Data governance research stresses that asset identifiers,
access permissions, retention periods, and accountability
must be defined before data are collected [7], [8].

Existing studies still leave three technical gaps. First, many
proposals describe a single smart device rather than a
lifecycle data model. Second, age-friendly construction
indicators are often not connected to utilization or
maintenance records. Third, digital inclusion is discussed as
a principle but not operationalized through fallback paths and
measurable usability checks. This paper addresses these gaps
with a compact indicator set and an ordinary-hardware pilot,
using established usability, co-creation, materials, and data-
stewardship principles [9]- [14].

A further gap concerns evaluation granularity. Facility
projects are usually reported with aggregate attendance or
satisfaction values, which cannot show whether a low score
arose from a route barrier, equipment fault, confusing
instructions, or an unavailable instructor. A linked record
structure permits a more actionable decomposition: an entry
count indicates demand, a condition log indicates
serviceability, an observation rubric indicates task
performance, and a feedback record indicates perceived
effort. The purpose is not to create a large surveillance
dataset; it is to provide enough traceability for a weekly
improvement meeting and to stop repeated problems from
being treated as isolated complaints.

3. Methodology and system design
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3.1 Four-Dimensional Optimization
Framework

The framework has four connected dimensions. Precision
planning and collaborative design convert population, route,
activity, and accessibility data into a site brief. Intelligent

construction and supervision attach asset identifiers to
equipment, surfaces, lighting, and inspection records. Smart
operation and maintenance monitor use volume, faults,
cleaning, and response time. Inclusive utilization and
capacity building provide large-button interfaces, staff
assistance, introductory sessions, and feedback loops. Figure
1 shows the four-dimensional strategy model.

Core Objective: Enhance Service Efficiency, User Experience, and Sustainability

Core Optimization Strategy System

Strategy 1: Strategy 2:
Precision Planning Intelligent

& Collaborative Construction & Smart

Design Supervision

Strategy 3: Strategy 4:
Smart Operation & Inclusive
Maintenance & Utilization & Capacity
Flexible Services Enhancement

Fundamental Support

Technology Integration Support: Digital Twin / loT / Al, etc.

Data-Driven Support: User Profile / Digital Assets / Feedback Data

Figure 1. Four-dimensional optimization strategy system for digitally enabled age-friendly urban sports facilities

The minimum data model uses five linked records. A user-
needs record stores age band, preferred activity, mobility
support, route barrier, and preferred instruction channel. A
facility records stores asset identifier, activity type, clear
zone, surface, capacity, and inspection interval. A service
record stores opening hours, class schedule, instructor, and
fallback contact. A condition record stores fault type,
severity, photo reference, and response status. A feedback
record stores a rating, free-text or voice note, consent flag,
and closure action. Each record uses a date, responsible
role, and retention rule. Health data are not required for the
pilot and are excluded from the dashboard. (See Table 1.)
The records are linked by a site identifier and asset
identifier rather than by a personal identifier. At the end of
each operating day, staff reconcile the entry counter with
the manual sign-in sheet, review unresolved urgent faults,
and export a read-only weekly summary. The summary
contains counts and response intervals, not individual
trajectories. A supervisor can reopen a closed work order
when a follow-up inspection fails. This simple state
transition prevents the common failure mode in which a
ticket is marked complete when a contractor has merely
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acknowledged it. It also makes the workflow auditable with
ordinary spreadsheet tools.

Table 1. Core data fields and operating thresholds

Dimension  Minimum data Operational check

route, activity, clear  route barrier closed

Planning zone, rest point before opening

Constructio asset ID, drawing, handover record

n surface, capacity complete
0&M fault, severity, urgent fault
owner, due date acknowledged <24 h

session, instruction  weekly use and

Utilization .
channel, feedback access review
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3.2 Low-Cost Digital Configuration

The pilot configuration was selected for a community
center rather than a high-budget smart-city laboratory. A
tablet with a 10.1 in screen displayed four large actions:
start exercise, view picture instructions, call staff, and leave
feedback. A low-cost infrared counter recorded entries at
the main gate in one-minute intervals. Staff used a
spreadsheet template to register inspections, and a shared
folder stored photographs and repair records. The
dashboard refreshed once per day; it did not make
automated health recommendations. A printed instruction
board and a staff telephone were retained as fallback
channels.

Planning used a 1:50 site sketch with 1.2 m minimum
accessible route width, a 1.5 m turning circle at decision
points, seating every 25-35 m, and a 300 mm equipment
clearance zone. The values were treated as project design
targets, not as a replacement for local building codes.
Construction supervision used a four-step handover: verify
location and clearances, verify surface and edge condition,
attach the asset identifier, and record the first inspection
date. O&M thresholds were set at urgent, planned, and
monitor levels. An urgent fault closed the equipment until
staff confirmation; a planned fault generated a work order
within three days; a monitor item was reviewed at the next
weekly meeting.

3.3 Feasibility Evaluation Protocol

The pilot involved 36 adults aged 60—79 at two urban
community sports sites. This study was reviewed and
approved by the Research Ethics Committee of Linyi
University  (Ethics approval No. LYU20251207).
Participants were recruited through the centers and could
use the site independently or with a walking aid. After one
orientation lesson, each participant completed three
routine-service sessions and three digital-support sessions
in counterbalanced order over six weeks. Routine service
used existing signs and staff explanation. Digital support
added the tablet interface, daily occupancy display, and
structured maintenance log. The primary paired unit was
the participant mean within each condition; site and week
were retained for sensitivity checks. Two instructors and
four community staff members delivered the sessions. The
activity schedule followed community-based participation
principles for older adults [15].

Objective measures were entry-based site-use rate,
observed active-session minutes, task completion, and
maintenance response time. The task rubric covered warm-
up, equipment adjustment, safe start, exercise sequence,
and safe exit; each item was scored 0, 1, or 2, giving a 0—
10 score converted to 0-100. Two instructors
independently scored 20% of sessions; ICC(2,k) was 0.84.
Participants completed an eight-item picture-supported
comprehension sheet (alpha = 0.76) and a ten-item facility
usability index scored 0—10 (alpha = 0.86), following the
internal-consistency convention introduced by Cronbach

[16]. The index was created for this pilot and its visual
labels followed accessibility and usability requirements in
ISO 21542 [17]; it is not the standardized SUS. Paired
permutation tests with 10,000 label swaps reported mean
differences, 95% confidence intervals, and Cohen's dz. The
analysis separates objective observations, staff ratings, and
participant self-reports.

4. Experiments and results

4.1 Framework Implementation

The two sites registered 18 facility assets, 12 activity tasks,
34 inspection points, and 47 feedback records during the
pilot. Seven route or signage issues were identified before
the first digital-support session; five were corrected within
48 h and two were scheduled for the next maintenance visit.
The dashboard did not replace staff judgement. When the
occupancy counter disagreed with the staff count by more
than 15%, the staff record was treated as authoritative and
the sensor was inspected. This rule prevented a low-cost
sensor from silently changing the service decision. (See
Table 2.)

Table 2. Pilot outcomes by service condition (n=36)

Digital Mean difference

Outcome Routine support (95% Cl)

+22.5 pp (14.2,

tao o, o,
Site-use rate 41.0% 63.5% 30.8)

246+6.2 32.8+6.7

Active session +8.2 (6.0, 10.4)

min min

Task score 62.8 + 794 + +16.6 (11.7,
13.5 10.8 21.5)

Maintenance 3614 1908 17(-2.2,-12)

response days days

Comprehensio 54 +1.3/ 6.8+1.0/ +1.4 (1.0, 1.8)

n 8 8

Facility 61.3 +16.9 (12.5,

usability index  12.0 782£96 544

4.2 Observed Use and Service
Performance

The digital-support condition was associated with a 22.5-
percentage-point higher site-use rate and 8.2 additional
active-session minutes. The paired permutation p-values
were 0.002 and 0.004, respectively, with Cohen's dz of 1.08
and 1.17. Task completion increased by 16.6 points (p =
0.006; dz = 0.93). The largest task gains occurred in
equipment adjustment and safe exit, where the picture
instructions reduced repeated staff prompts. The mixed-
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effects sensitivity model with participant and site random
intercepts produced the same direction of estimates.

Maintenance response time decreased by 1.7 days (p =
0.011; dz = 0.88). Of 19 faults logged, 12 were minor
surface or label issues,five were loose fasteners, and two
were access-route obstructions. All urgent items were
acknowledged within 24 h, but three planned items
exceeded the three-day target because the contractor
responsible was unavailable. The result shows the value of
a visible work-order owner while also showing that a
dashboard cannot create maintenance capacity that does
not exist.

The operational logs also clarified where the workflow
added value. Before the pilot, staff spent approximately 18
min per opening shift checking three separate notebooks
and a messaging group. With the shared template, the same
reconciliation required 11 min, a reduction of 7 min per
shift. This time saving was not used to remove staff; it was
reassigned to greeting users and assisting the six
participants who needed help with the tablet. The
observation is important for deployment economics: a
digital layer should release capacity for inclusive service,
not simply transfer clerical work to older users.

Participants answered 6.8 of eight comprehension items
after digital support compared with 5.4 after routine service
(p = 0.008; dz = 0.97). The facility usability index
increased by 16.9 points (p = 0.005; dz=1.02). Participants
most often requested larger text, a persistent staff-call
button, and audio instructions. Six participants never used
the tablet without staff assistance, so their routine-service
fallback records were retained. This subgroup confirms
that inclusion requires a staffed alternative rather than an
assumption that every older adult will adopt the digital
channel.

5. Analysis and discussion

Beyond purely engineering-driven outcomes, observed
improvements in user behaviour can be interpreted through
established behavioural and human-computer-interaction
theories. =~ From a  behavioural-change-mechanism
perspective, the system provides environmental cues via
site layout and accessible routes, delivers real-time
feedback through task guidance and maintenance alerts,
and lowers users’ cognitive operating burden with
large-prompt interfaces. These features follow core
behavioural-intervention principles and conform to
Norman’s human-centered design requirements: visible
system status, intuitive controls and reversible operations
[6]. Meanwhile, gains in perceived usefulness and reduced
effort expectancy align with key constructs of the
Technology Acceptance Model (TAM) [4], [5].

This study offers targeted theoretical extensions to existing
literature. While TAM and conventional
human-centered-design ~ studies  mainly  focus  on
individual-device interaction, this paper shifts the analytical
unit to the full facility lifecycle. It illustrates how organisational
accountability —mechanisms (asset logs, fault-owner
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assignments, mandatory review workflows) interact with
interface usability features to jointly shape older adults’
physical-activity behaviour. Behavioural improvements stem
not only from tablet-interface design but also from
interconnected record-keeping and service-accountability
systems for physical sports facilities. On-site staff assistance
and other social-incentive measures further complement
technical functions to foster inclusive participation. Though
social incentives were not quantitatively manipulated within
this pilot, they represent a valuable direction for future research
on inclusive utilisation.

The pilot supports the framework's main engineering
proposition: digital value came from linking records and
responsibilities across the facility lifecycle. The occupancy
counter was useful because it was connected to a site-use
review, not because the counter itself was sophisticated.
The maintenance log was useful because each issue had an
owner and due date. The large-button interface was useful
because it shortened the path from instruction to action and
preserved a staff-call alternative. These are system-design
effects, not evidence that a particular sensor or platform is
universally superior.

The four dimensions should be implemented in
sequence. Planning first establishes routes, activity zones,
rest, and user profiles. Construction then records what was
actually installed, including deviations from drawings.
O&M turns the asset record into inspections and work
orders. Utilization closes the loop through staff observation
and user feedback. Skipping the construction handover
produces a digital map with no reliable asset identity;
skipping inclusion produces a technically complete service
that excludes people with low digital confidence. This
sequence also aligns with universal-design and human-
centered interaction principles [3], [6].

Data minimization is a practical safeguard. The pilot
collected entry counts, task observations, and anonymous
feedback but did not collect diagnoses, medication, or
continuous location traces. A city deployment should
define role-based access, retention periods, deletion
requests, and an offline mode before linking any health-
related data. Digital inclusion also has a cost dimension:
tablets, counters, and software require replacement and
support. A realistic budget should therefore include device
depreciation, staff time, accessibility updates, and printed
fallback materials rather than only the initial installation
price [7], [8].

Implementation should proceed through a staged
acceptance test. During planning, the accessibility route
and rest-point map are reviewed with older users and staff.
During construction, the contractor signs the asset and
clearance  checklist  before = payment. During
commissioning, staff simulate an urgent fault, a missing
sensor reading, and a user who refuses digital interaction.
During routine operation, the supervisor samples five
records each week and checks whether the recorded action
can be verified on site. These tests are inexpensive, but they
turn broad age-friendly language into observable pass or
fail conditions. They also create a common vocabulary for
the design team, facilities team, and community service
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team. The information and software quality dimensions can
be mapped to ISO/IEC 25010 during later procurement
[18].

6. Conclusion

This paper presents a full-chain digital optimization
framework for urban sports facilities serving older adults.
It connects precision planning, construction handover,
smart operation and maintenance, and inclusive utilization
through a compact data model and explicit human fallback
procedures. In a six-week pilot with 36 adults at two
community sites, digital support was associated with
higher observed site use, longer active sessions, better task
completion, faster maintenance response, and higher
comprehension and ease ratings. The practical
recommendation is to deploy digital tools as accountable
coordination devices: define the data fields, thresholds,
owners, and offline alternatives before adding advanced
analytics. This approach can improve service continuity
while preserving user choice and staff responsibility
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