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Abstract

Currently, China is further advancing the construction of new-type infrastruc-
ture and the digital transformation of the construction industry. As a key en-
abling technology, Digital Twin has provided a new approach for the construc-
tion sector. Characterized by high safety requirements, high operational con-
tinuity, and high complexity, medical buildings are plagued with pain points
in engineering management, such as frequent design changes, poor construc-
tion collaboration, disconnection between different construction phases, and
low management and control efficiency. Against this backdrop, this paper es-
tablishes a Digital Twin framework integrating BIM, IoT, HIS, and BAS, and
realizes closed-loop full-life-cycle management of medical buildings via uni-
fied semantics and spatio-temporal indexing. In the pilot hospital project, vir-
tual prototypes and simulations adopted in the design phase cut the number
of design revisions from 5 to 2 and shortened the design cycle by 30%. In the
construction phase, the combination of 4D progress management and on-site
perception reduced the schedule deviation rate from 8% to 3%. During the op-
eration and maintenance phase, with fault diagnosis and strategy engine tech-
nologies, the fault response time was shortened from 2 hours to 30 minutes,
annual energy consumption was lowered by 12%, and the daily turnover rate
of consulting rooms rose from 4.5 times to 6.0 times. Furthermore, this frame-
work enables cross-phase knowledge transfer and parameter inheritance to
support the continuous optimization of medical buildings. Its integration with
artificial intelligence, edge computing, and other technologies can further ex-
tend its application to scenarios such as emergency deduction.
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1. Introduction

Against the trend of digitalization and informatization development in China’s con-
struction industry, new-generation information technologies represented by digital
twins have shown enormous potential and broad development prospects in achiev-
ing in-depth integration with the construction sector, and their value is particularly
prominent in the specialized field of medical buildings [1]. Medical buildings fea-
ture high safety standards, high operational continuity, and high complexity [2] [3].
They must comply with rigid constraints, including infection prevention and con-
trol, separation of clean and polluted flows, and environmental compliance, while
ensuring smooth operational processes and controllable energy consumption under
limited resources. Traditional methods relying on static drawings and empirical
judgment fail to address practical challenges such as fragmented cross-stage data,
cross-system coupling [4], and rapid iterative updates. Parameters and strategies
cannot be effectively transmitted across design, construction, and operation phases,
resulting in frequent rework, potential risks, and low efficiency. Based on data-
driven virtual-real mapping and supported by two-way data links and closed-loop
decision-making [5] [6], digital twins can integrate BIM, the Internet of Things,
hospital information systems, and building automation systems under unified se-
mantics and spatio-temporal indexes. This enables the synchronous evolution of fa-
cility status and operational strategies, and further establishes a linked management
mechanism oriented to space-time dimensions, events, and strategies [7] [8]. This
paper constructs a full-life-cycle framework for medical buildings based on three
core elements: observability (real-time perception of building geometry, equipment
status, flow of people, environment, etc), controllability (control instructions and
adjustment strategies are issued based on data) and evolvability (continuous itera-
tion of model and strategy, knowledge inheritance), and verifies the framework in
the new campus of a real hospital. It aims to provide reusable methodologies and
data foundations for multi-stage collaborative work, risk pre-control, and optimal
resource allocation, as well as deliver practical engineering solutions for smart hos-

pital construction, energy conservation, and carbon emission reduction.

2. Project Description

This project is a comprehensive medical technology building project in the new
hospital area of a comprehensive tertiary hospital in East China. The total con-
struction area is 15680.45 m?. There are four floors on the ground, local equipment
interlayers, and no basement. The functions cover general outpatient clinics, spe-
cialist clinics, medical imaging, inspection centers, central pharmacies, infusion
halls, and supporting medical technology rooms. It is one of the core buildings in
the new hospital area. The implementation scope of digital twin covers the whole
life cycle, and the BIM model and medical process flow are collected in the design
stage. Collect 4D progress and on-site perception data during the construction
phase; the operation and maintenance phase collects the operation data of BAS

(Building Automation System), HIS (Hospital Information System), and IoT (In-
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ternet of Things) devices to form a cross-stage unified data set.

3. Application Practice of Digital Twins in All Stages of the
Whole Life Cycle of Medical Buildings

3.1. Practical Application of Digital Twins in the Design Phase of
Medical Buildings

During the design stage of the outpatient and medical technology complex build-
ing for the new campus of this tertiary hospital, the project team adopted digital
twins as virtual design prototypes for detailed design. By integrating BIM geomet-
ric information, medical process specifications, and equipment parameters, a uni-
fied semantic model was established to realize collaborative simulation of spatial
layout, medical treatment procedures, and equipment configuration under a uni-
fied coordinate system. Taking the operating room tower (BIM-ID: EQO01) > en-
ergy consumption point (BAS-1008) -> vibration sensor (IoT-021) > asset number
(HIS-0005) as an example, cross-system data mapping and fusion can be realized
at this stage. The performance indicators are based on the year before the imple-
mentation of the project, and the implementation cycle is 18 months. The appli-
cation results show that the number of program modifications is reduced from 5
times to 2 times, and the design cycle can be shortened by 30%. In view of the high
sensitivity of the operation department and the intensive care unit (ICU) to clean-
sewage diversion and emergency transport, the design side uses agent-based hu-
man flow simulation. This method conforms to the complex and dynamic char-
acteristics of medical human flow, and can set path cost functions for medical staff,
patients, and logistics personnel, and incorporates constraints such as elevator ca-
pacity, buffer room layout, and gradient of barrier-free ramps. On this basis, quan-
titative evaluation was conducted on the key routes of postoperative patient trans-
fer to ICU, congestion degree at intersection points, and potential exposure time
of cross-infection risks.

In the design stage, the airflow simulation method (CFD) can be used for ventila-
tion and pressure difference design [9], which can meet the high precision require-
ments of clean rooms. Through the simulation analysis of the layout of the supply
and return air and the gradient of the pressure difference, the air flow organization
effect of the negative pressure ward and the clean operating room is checked by using
the air age, pollutant dilution efficiency, and other indicators. The maintenance and
inspection envelopes of large imaging equipment and surgical ceiling towers often
conflict with comprehensive pipelines. By means of collision detection and accessi-
bility analysis, the project team can determine in advance within a virtual scenario
the width of maintenance passages, the rotating radius for disassembly and assembly,

and the requirements for hoisting routes imposed by equipment weight.

3.2. Practical Application of Digital Twins in the Construction
Stage of Medical Buildings

In the construction organization of the new campus of this Grade A tertiary hos-

DOI: 10.4236/wjet.2026.143030

513 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.143030

R.N. Li

pital in East China, the project team takes digital twins as the core of on-site
command and data hub. It integrates 4D progress models, WBS task lists, and
material arrival schedules into a unified semantic base, and aligns them with
sensing data such as UWB tags, RTK positioning, tower crane weighing, and
video recognition. In this way, the statuses of component hoisting, installation,
acceptance, and other processes are synchronously mapped in the virtual sce-
nario.

Targeting the characteristics of medical buildings, such as numerous overlap-
ping construction procedures and concentrated hoisting operations, the system
can automatically identify delay risks based on deviations between planned and
actual progress, and optimize tower crane operation schedules and team deploy-
ment plans. In the project record, the progress deviation rate converges from 8%
of the baseline to 3%, and the progress adjustment is more forward-looking. Mean-
while, it links material arrival schedules, yard layout, and hoisting frequency sched-
uling, and organizes construction via three-day rolling plans and visual dashboards
to reduce work stoppages caused by mismatched materials.

In terms of quality management, the system matches and compares BIM com-
ponent information with laser point cloud and photogrammetry data to verify the
installation accuracy of key parts, including air ducts, medical gas pipelines, clean
ceilings, and door and window openings, and generates visual deviation cloud
maps. It can keep the installation error of key components within the threshold of
5 to 10 millimeters, automatically issue rectification orders for non-compliant items,
clarify responsible persons, re-inspection time, and acceptance procedures, and

improve the precision of construction quality control.

3.3. Practical Application of Digital Twin in the Operation and
Maintenance Stage of Medical Buildings

During the operation and management phase of the new campus of this Grade A
Tertiary Hospital, the project team takes the digital twin platform as a cross-sys-
tem business hub, and coordinates data and management strategies focusing on
three main lines: equipment operation, energy management, and space efficiency
(see Figure 1). The platform integrates BIM geometry data, BAS building auto-
mation data, HIS business data, and IoT perception data under unified semantics
and spatiotemporal indexes, establishes full-dimensional ledgers and event streams
for equipment instances, and embeds state estimation and rule engines into the
closed-loop control links. In view of the high requirements of HVAC and medical
gas systems for continuity and safety, the platform deploys an FDD fault detection
and diagnosis model [10]. This model can adapt to the high reliability require-
ments of medical equipment, and point to abnormal pattern recognition and root
cause location. The threshold crossing, feature mutation, and health attenuation
are linked to mobile terminal alarm, work order, and spare parts check, so that
the equipment fault response time is compressed from baseline 2 h to 30 min, and

the data are derived from the equipment operation log statistics.
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Figure 1. Architecture diagram of digital twin operation and maintenance management platform for medical buildings.

Driven by load forecasting and equipment health assessment, the strategy en-
gine verifies the group control of chillers as well as target values of supply air tem-
perature, humidity, and pressure difference via online simulation, and then dis-
tributes them to the control end, cutting annual energy consumption by 12% com-
pared with the baseline. In terms of space management, the platform aligns access
control statistics and positioning data with HIS scheduling information to build
time-period profiles of consultation room turnover rate and peak-valley waiting
flow. The turnover rate of the clinic increased from 4.5 times/day at the baseline
to 6.0 times/day, and the data were derived from the statistics of HIS medical rec-
ords. It is worth noting that the boundary parameters of pressure difference and
air age in intensive care units and negative pressure wards have been solidified into
a parameter library during the design phase. In the operation and maintenance
stage, real-time environmental monitoring data are compared with the parameter
library online. Once the values approach critical thresholds, linkage strategy adjust-
ments for bypass air valves, fan speeds, and access control will be activated to bal-
ance isolation protection performance and ward passage efficiency. Accordingly,
knowledge transfer and parameter inheritance are integrated into daily manage-

ment procedures, enabling the continuous iteration of the closed-loop optimiza-
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tion system covering equipment health management, energy consumption con-

trol and space efficiency improvement within a unified model.

4. Prospect Outlook of Digital Twins in the Full Life Cycle
Management of Medical Buildings

This section focuses on the prospect of digital twins in the whole life cycle man-
agement of medical buildings. The content involved is the direction that future
research needs to focus on, and has not yet been implemented, which can be fur-

ther explored and verified by subsequent scholars.

4.1. Application Expansion Directions under Technological
Integration

Against the compound demands for safety, continuity, and timeliness in the op-
eration of medical buildings, digital twins will be further integrated with emerging
technologies such as artificial intelligence, the Internet of Things, and 5G in the
future, achieving collaborative linkage at the model layer, data layer, and control
layer. For equipment health management and operating condition optimization,
operation and maintenance teams can adopt self-supervised models combined
with knowledge graphs to jointly model time series data and event streams. Pat-
tern constraints are applied to improve the reliability of anomaly identification and
service life prediction, as well as fault detection and diagnosis results are connected
to the strategy engine, which is expected to raise the accuracy of failure prediction
for key rotating equipment to 95%. Meanwhile, online adaptive calibration for
chilled water plant group control and differential pressure targets can be realized via
strategy learning methods with safety constraints.

5G network slicing and edge computing enable the collection, fusion, and dis-
tribution of high-concurrency data to be shifted to the equipment end to realize
end-edge-cloud collaboration, with latency controlled within 10 milliseconds. This
effectively supports rapid in-day closed-loop management for differential pres-
sure maintenance in negative-pressure wards, airflow organization in operating
departments, and linkage control of medical gases. In wards with high-density mo-
bile entities, edge nodes can conduct rolling calculation for path planning of dis-
infection robots and logistics fleets, so as to reduce instantaneous exposure risks
caused by cross-contamination between clean and polluted areas.

If the IoT layer adopts a device-oriented unified semantic and protocol stack,
aligning the OPC UA device information model with the FHIR medical data stand-
ard to a unified identification system, it can integrate device instances, ward pro-
cesses, and environmental states under the same spatio-temporal index. This pro-
vides a stable knowledge base for cross-system rule engines and state estimation.
Derived from this, the construction of digital twin smart hospitals can further ex-
pand emergency drills into computable virtual sandboxes in the future. By virtue
of multi-agent simulation, scenarios such as infectious disease outbreaks, power

outage switching, and fire smoke diffusion can be simulated online, and the link-
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age verification of access control, air dampers, and personnel scheduling strategies
can be completed in the simulation. The verified management and control logic
is then mapped and deployed to the physical hospital system in a safe and con-
trollable manner. Meanwhile, XR-based teaching and on-the-job training can be
further embedded into this sandbox, enabling new employees to familiarize them-
selves with strategies and identify risks in dynamic processes close to real scenar-

ios, forming a closed-loop transfer path from cognition to execution.

4.2. Key Challenges and Countermeasures for Industrial
Implementation

In view of the operational characteristics of medical buildings, digital twin plat-
forms are required to realize cross-system coupling and maintain highly reliable
continuous operation. Accordingly, multiple constraints still exist in the industrial
implementation and popularization of such platforms. Fragmented data stand-
ards hinder semantic mutual recognition among BIM, BAS, HIS, and IoT systems.
The lack of unified equipment identification and spatio-temporal indexes increases
the costs of asset mapping and event traceability. Renovation of existing buildings
is restricted by closed-source interfaces and insufficient data collection capacity,
making it difficult to build a high-quality data foundation. Digital security and
privacy compliance raise barriers to data sharing. The mismatch between invest-
ment cycles and return cycles leads to heavy upfront capital expenditure pressure.
In addition, the shortage of interdisciplinary talents and ambiguous service deliv-
ery scopes easily result in idle operation of platforms, all of which undermine the
practical application effect of digital twins.

In response to the above challenges, priority should be given to establishing uni-
fied data specifications. Centering on equipment instances, it is essential to unify
asset coding, spatial hierarchy, and event vocabulary, and align BIM models, control
points, process parameters, and HIS master data within a consistent identification
system. At the interface layer, semantic gateways shall be built with scalable infor-
mation models and medical data standards adopted, so as to precipitate facility en-
tities and rule bases into reusable components and form a parameter inheritance
chain covering the whole process from design to operation and maintenance. In
terms of cost management, a tripartite cooperation mechanism among govern-
ments, enterprises, and hospitals can be explored. The basic platforms can be in-
corporated into regional new infrastructure construction or energy-saving reno-
vation special projects. Investment can be shared via performance-based payment
and energy management contracting modes, and system expansion can be imple-
mented in phases through modular components. From the governance perspec-
tive, digital security and privacy protection shall be integrated into the full life
cycle of medical buildings, with hierarchical domain management and zero-trust
architecture adopted to form a closed-loop mechanism for outbound data ap-
proval and log auditing. For capacity building, dedicated operation posts and
standardized training systems need to be established to link parameter databases

and knowledge bases into a self-learning iterative mechanism.
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5. Conclusion

This paper proposes a digital twin methodology and implementation path for the
full life cycle of medical buildings. It connects BIM, the Internet of Things, hospital
information systems, and control platforms via a unified semantic database, embeds
knowledge transfer and parameter inheritance into governance processes with the
support of spatio-temporal indexes and rule engines, and thereby forms a continu-
ously evolving management closed loop covering design to operation and mainte-
nance. Practice proves that this framework can achieve synergistic advantages in
scheme deduction, construction collaboration, and operation and maintenance op-
timization, and presents systematic characteristics that take observation as the
foundation, control as the means, and evolution as the goal. The research can pro-
vide references for the digital lean construction, integrated project management,
and full-life-cycle value improvement of medical buildings. In the future, digital
twin will be further integrated with artificial intelligence, edge computing, and
other technologies to build computable emergency sandboxes and training spaces,

so as to support online deduction and strategy verification of complex scenarios.
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