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Abstract

Healthcare architecture has evolved beyond functional planning to support patient
recovery, emotional well-being, and overall user experience. At the same time, advancements
in Artificial Intelligence (Al), smart technologies, and responsive building systems are
transforming healthcare environments. However, limited research integrates healing

architecture with Al through a human-centered architectural approach.

This study investigates the role of Al in creating adaptive, efficient, and emotionally
supportive healthcare environments through a review of literature, analysis of emerging
technologies, and comparative case studies of Khoo Teck Puat Hospital (Singapore) and
Humber River Hospital (Canada). Based on these findings, the study proposes the A.I.H.E.A.L.
Framework (Artificial Intelligence for Human-Centered Environment, Adaptation and
Learning), which combines environmental sensing, behavioural analytics, predictive
intelligence, adaptive building systems, and continuous learning to develop responsive healing

environments.

The framework positions Al as a tool that enhances empathy, personalization, and
environmental adaptability rather than replacing human-centered design. It concludes that
future hospitals should function as intelligent healing ecosystems capable of understanding,
anticipating, and responding to user needs in real time, thereby improving patient outcomes,

operational efficiency, and the role of architecture in healthcare delivery.

Keywords: Artificial Intelligence, Healing Architecture, Human-Centered Design,
Smart Hospitals, Adaptive Architecture, Healthcare Design, Evidence-Based Design,

Responsive Environments.
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1. INTRODUCTION B e
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Healthcare architecture has evolved

beyond functional planning to recognize the

built environment as an active contributor to '»‘;"_"f:w
patient recovery, emotional well-being, and :‘”“:“‘i":“"
staft performance. Evidence-based design '::“"“
highlights the positive impact of factors such ::“.‘-(.M:r
as daylight, nature, acoustic comfort, "I‘:'L‘:“.“.'
thermal quality, privacy, and intuitive - ; -

wayfinding on healthcare outcomes.

1
Simultaneously, advances in gﬁi&i’
Artificial Intelligence (Al), the Internet of s
Things (IoT), digital twins, and smart Figure 1) Healing Architecture

building technologies are enabling healthcare facilities to sense, analyze, and respond to real-
time environmental and user data. These innovations create opportunities for more adaptive,

efficient, and personalized healing environments.

The integration of Al with human-centered healing architecture represents a significant
shift from static hospital design to responsive healthcare ecosystems. Rather than replacing
human-centered principles, Al can strengthen them by enhancing environmental adaptability,

user comfort, and operational performance.

This study explores this convergence and proposes the A.LLH.E.A.L. (Artificial
Intelligence for Human-Centered Environment, Adaptation and Learning) framework as a
conceptual model for designing intelligent, adaptive, and patient-centered healthcare

environments.
2. LITERATURE REVIEW
2.1 Healing Architecture and Therapeutic Environments

Healing architecture recognizes the built environment as an active contributor to
physical, psychological, and emotional well-being. Ulrich (1984) demonstrated that patients
with views of nature experienced faster recovery and shorter hospital stays. Later, evidence-
based design research identified daylight, access to nature, acoustic comfort, privacy, and

intuitive wayfinding as key factors that improve patient outcomes (Ulrich et al., 2008).
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Sternberg (2009) further highlighted that environmental conditions can positively influence

the healing process by affecting human physiological and psychological responses.

Major healing architecture factors

Wayfinding

Privacy

Acoustic Comfort

Thermal Comfort

Access to Nature

Natural Daylight

o
—

2 3 4 5 6 7 8 9 10

Figure 2) Major Healing Architecture Factors

2.2 Human-Centered Design in Healthcare

Human-centered design focuses on

HUMAN-CENTERED DESIGN IN HEALTHCARE

creating healthcare environments that
respond to the needs, experiences, and
well-being of patients, caregivers, visitors,
and medical staff. Norman (2013)

emphasized designing around human

L —
e

behaviour, while Andrade et al. (2017) e

FILIWL @ ba——. UTTIRE @ TR S e —

found that personalized, comfortable, and & ‘ 2| = =

hon ce e I - 0 o —

motionall ive environmen
emotionally supportive enviro ents Figure 3) Human Centres Design in Healthcare
significantly enhance patient satisfaction.

Core principles include empathy, accessibility, inclusivity, personalization, and user

participation.

2.3 Artificial Intelligence in

ARTIFICIAL INTELUGENCE IN ARCHITECTURE

. ) ] AND THE BUILT ENVIRONMENT
Architecture and the Built Environment s« - '
=
Artificial Intelligence is o=
transforming architecture through data- &=
driven decision-making and intelligent =
building management. Using machine S

learning, predictive analytics, sensors, and

digital twins, Al enables buildings to

Figure 4) Al in Architecture and Built Environment
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monitor environmental conditions, optimize energy use, predict maintenance needs, and
improve space utilization. These technologies support more adaptive and efficient built
environments.
2.4 Smart Healthcare and Responsive Hospitals
' SMART MEALTMC.AR[ .AND R(SPOMSIV! mmrm
Smart hospitals integrate Al, IoT, and B = . o a N g

intelligent infrastructure to improve healthcare

delivery and building performance. = - -
Applications include real-time environmental 8 :
monitoring, predictive facility management,
automated logistics, intelligent wayfinding, and e ~—‘°-—- .
NE BB g s

personalized patient experiences. : - =
Figure 5) Smart Healthcare and Responsive Hospitals
Together, these technologies are shifting

hospitals from static facilities toward responsive healthcare ecosystems.
2.5 Research Gap

Although healing architecture and Al-enabled healthcare have been widely
investigated, they are generally treated as independent research areas. Existing studies
emphasize either therapeutic environments or technological efficiency, leaving limited
integration between intelligent technologies and human-centered healing design. This gap

forms the basis of the proposed A.I.LH.E.A.L. Framework.
3. METHODOLOGY

This study follows a qualitative & exploratory methodology, synthesizing literature

findings & comparative case study analysis to develop proposed A.LH.E.A.L. Framework.

Literature Review = Case study analysis = Comparative analysis =»Research Gap

Identification=» Development of A.ILH.E.A.L. Framework
4. CASE STUDIES
4.1 Khoo Teck Puat Hospital, Singapore

Khoo Teck Puat Hospital, located in Yishun, Singapore, was designed by CPG
Consultants and RMJM and completed in 2010 as a 795-bed tertiary healthcare facility. Guided
by the concept "Hospital in a Garden, Garden in a Hospital," the hospital integrates biophilic

design through therapeutic gardens, natural ventilation, daylight optimization, and lake-facing
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patient wards to create a restorative healing environment. Sustainable strategies, including a
Building Management System (BMS), environmental monitoring, energy-efficient lighting,
rainwater harvesting, and occupancy-based energy management, enhance operational
performance while reducing environmental impact. The project demonstrates how the
integration of healing architecture and sustainable technologies improves patient comfort, well-

being, recovery, and overall healthcare experience.

Figure 6) Khoo Teck Puat Hospital — Exterior and Interior

4.2 Humber River Hospital, Canada

Humber River Hospital, located in Toronto, Canada, was designed by HDR
Architecture in association with Nightingale Architects and completed in 2015 as a 656-bed
acute care facility with an approximate built-up area of 1.8 million sq. ft. Conceived as an
Intelligent Smart Hospital, it integrates digital patient management, automated logistics, real-
time monitoring, smart environmental controls, and paperless healthcare operations to
enhance efficiency and patient care. Advanced technologies, including predictive analytics,
Automated Guided Vehicles (AGVs), a Smart Building Management System, intelligent
HVAC, energy management, and electronic medical records integration, support seamless
hospital operations. The project demonstrates how artificial intelligence and smart

technologies can improve operational efficiency, environmental performance, and patient-

centered healthcare delivery.

Figure 7) Humber River Hospital - Exterior and Interior
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4.3 Comparative Analysis

Comparative Analysis of Khoo Teck Puat Hospital and Humber River Hospital

Operational Efficiency
Healing Quality

Patient Experience
Sustainability Strategy
Environmental Strategy
Al Integration
Technology Integration
Primary Strength
Design Approach
Design Concept

Design Focus

o
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B Humber River Hospital ~ ®Khoo Teck Puat Hospital

Figure 8) Comparative Analysis of Khoo Teck Puat Hospital and Humber River Hospital

The comparison suggests that future healthcare facilities should combine the healing

strengths of biophilic architecture with the adaptability of Al-driven systems.

5. PROPOSED FRAMEWORK: A.LLH.E.A.L. (ARTIFICIAL INTELLIGENCE FOR
HUMAN-CENTERED ENVIRONMENT, ADAPTATION AND LEARNING)

Towards Cognitive Healing Architecture: A.lLH.E.A.L. FRAMEWORK

= (AETNINCAL INTELLIGENCE WTELRATED MEALING ASOWTECTURE UFECYOLE) -

Transforming Hospitals into Living

Healing Ecosystems

The integration of Al within
healthcare  architecture  presents an
opportunity to fundamentally redefine the
relationship between people and the built
environment. While current smart hospital
models primarily focus on operational
efficiency, energy management, and

automation, they often fail to address the

emotional and psychological dimensions of

healing. This research proposes the N :
Figure 9) A.I.H.E.A.L. Framework
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A.LH.E.A.L. Framework (Artificial Intelligence for Human-Centered Environment,
Adaptation and Learning) as a conceptual model for creating adaptive, emotionally responsive,

and continuously evolving healthcare environments.

The framework is based on the idea that future healthcare facilities should function as
Living Healing Ecosystems capable of sensing, understanding, predicting, and responding to
human needs in real time. Unlike conventional hospitals that remain largely static after
construction, the proposed model envisions architecture as an active participant in the healing

process.

At the core of this framework lies the concept of Cognitive Healing Architecture

(CHA).
Cognitive Healing Architecture (CHA)

Cognitive Healing

2. COGNITIVE HEALING ARCHITECTURE (CHA)

AV €t peiabent e b B et w5 St s o 8 P, o

Architecture is defined as an
architectural approach in which
built environments continuously

perceive, interpret, learn from, and

respond to human physical,
emotional,  behavioural, and

environmental conditions in order

to actively support healing, well-

being, and healthcare performance. Figure 10) Cognitive Healing Architecture

The concept extends the principles of
) ) ) ) Functional distribution within
healing architecture beyond passive environmental the A.LLH.E.A.L. Framework
qualities and introduces the possibility of
architecture becoming adaptive, predictive, and
intelligent.  Through  Al-enabled  systems,

healthcare environments can evolve from static

physical structures into responsive ecosystems that

continuously learn from user experiences.

W Acquire M Interpret
m Humanize Evolve
The proposed A.LLH.E.A.L. Framework B Assess W Learn

Figure 11) Functional Distribution within

consists of six interconnected stages: ALHEAL Framework
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A—ACQUIRE: DEVELOPING AN ENVIRONMENTAL NERVOUS SYSTEM

The Acquire stage establishes a
1 s A - ACQUIRE

comprehensive environmental and  DEVELOPING AN ENVIRONMENTAL NERVOUS SYSTEM

behavioural sensing network that

functions as the building's nervous

ENVIRONMENTAL DATA HUMAN- CINTENED DATA

system. Using IoT devices, (§) o (R

. &) v 88) o=
environmental  sensors,  occupancy el

) e B) v

monitoring  systems, and wearable . ) Sy
"/ Noise Levels

.| ACQUISITION
. . . : : SYSTEM /
technologies, the healthcare environment (@) g === -

continuously collects real-time data on
temperature, humidity, air quality, CO2
PATENT ROOMS WAITING AREAS CORRIDORS NURSE STATIONS MEALING GARDENS

levels, daylight, acoustic conditions, and

The building continuously senses and understands environmental
and human conditions in real time.

overall indoor environmental quality,

Figure 12) Acquire
while simultaneously monitoring patient movement, staff circulation, space occupancy, waiting
times, sleep quality, and physiological stress indicators. Unlike conventional healthcare
facilities that rely on predefined design assumptions, this stage enables buildings to understand
actual user behaviour and environmental performance after occupancy, transforming

architecture from a static physical environment into a dynamic, data-driven, and user-

responsive healing ecosystem.
I - INTERPRET: EMOTIONAL AND SPATIAL INTELLIGENCE ENGINE

The 1 |
e Interpret stage employs | - INTERPRET

Artificial  Intelligence  to  convert  EMOTIONAL AND SPATIAL INTELLIGENCE ENGINE

. . . Al ANALYSIS
environmental and behavioural data into  osmmes

— (‘S) Emotions
. . . () somors ~
meaningful insights through Emotional = () cmonions
{ Wearables. 77N
. . . = "3 J (\v | Stress Indicators
Spatial Intelligence (ESI), enabling the /g e N B | =
\CH2 ) Mossioting . . AV, ) :.mmm
healthcare environment to understand the — (A%Z" | b i (R Occmey
EMOTIONAL SPATIAL s
() mmtorcsiomta INTELLIGENCE (ESI) ENGINE ﬁ;j) Spatial Utilzation

relationship between spatial conditions

Trends

and human emotional responses. Al
“ B High Stress
L Moderate

algorithms analyse behavioural patterns,

2y M High Comfort

environmental preferences, space
Al DISCOVERS RELATIONSHIPS
g . . . 7 :;:.\. Noise (%) Dofight @ Crowding ,‘) Neture
utilization, user comfort, stress indicators, (¥) sven () Taeony i () oomion
. . The i develop: ional and spatial intelligence
and occupancy trends to identify how the Figure 13) Interpret
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built environment influences patient and staff experiences. For instance, recurring movement
patterns may reveal areas that cause stress or confusion, while excessive noise or inadequate
daylight may indicate reduced user comfort. By interpreting these patterns, the building moves
beyond simple environmental control to develop an understanding of how spatial
characteristics affect human well-being, supporting informed, evidence-based design and

operational decisions.
H - HUMANIZE: CREATION OF DYNAMIC HEALING PROFILES

The Humanize stage forms H - HUMANIZE

the human-centered core of the  CREATION OF DYNAMIC HEALING PROFILES

AIHEAL. Framework by o o

N Soft Doyight

&) + Warm Temperature
o + Low Noite

) ~ High Privacy

creating individualized Healing l

+ Natore Exposure
{ - Calm Envieonmont

CHILD PATIENT

+ Bright Deylight

+ Playtul Ervironment
+ Moderate Noite

+ Vigua! Engagoment
+ Famidy Intoraction

+ Colorfut Speces

Profiles based on users'

CANCER PATIENT STASF MIMSIR

.
" L -
et DYNAMIC o

environmental preferences,
‘ - Saft Ughting ; + HEALING + . * Low Stress Zones
behavioural patterns, and st , PROFILES / By
Y A . * Adequate Ughting
« Tharmal Comfort + Heslorative 3paces
emotional responses rather than e ‘ Lndones
medical records. These profiles oo

+ Comfortable Seating
Each profile guides the environment

to adapt according to individual
needs and preferences.

+ Notueal Emironment
* Dood Woylindog

* Privacy Options

« Emotional Sepport

« Convenlence

consider factors such as preferred

daylight, thermal comfort, noise

SenSlthlty, peraCy reqUIrementsa Healthcare spaces adapt to individuals rather than forcing individuals to adapt to spaces.

response to natural environments, Figure 14) Humanize
and spatial navigation preferences to personalize healthcare spaces. For example, a patient
undergoing chemotherapy may benefit from quieter environments with greater access to nature,
while another may prefer brighter, socially engaging spaces. Unlike conventional hospitals that
provide standardized environments, this stage introduces Mass Personalization of Healthcare
Spaces, enabling the built environment to continuously adapt to individual needs and deliver

more responsive, supportive, and patient-centered healing experiences.
E — EVOLVE: ADAPTIVE HEALING ENVIRONMENT

The Evolve stage translates Al-generated insights into dynamic architectural responses
through adaptive building systems and responsive spatial strategies. Based on real-time
environmental and user data, the healthcare environment continuously adjusts lighting,

daylight, smart glazing, acoustic conditions, thermal comfort, ventilation, and biophilic
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elements to enhance user well-being. E - EVOLVE

ADAPTIVE HEALING ENVIRONMENT

Future healthcare spaces may also  awsomons oo -
. q VISUAL ADAPTATION 1 Emu
incorporate  reconfigurable room = % o
mm%w l‘_!‘l Mevobie
. . + Penonaticed L €14 ) Purtitons
layouts, movable partitions, robotic o
g () e

furniture, flexible treatment areas, and < g soed By

+ Paroenallzed Aconstic =
Settings

adaptive family support zones that g resesmeuno
* Lexatcod Confont Jones

respond to changing patient needs.
o) e

For example, a patient room can — [EETIN
* Nature intograted Ongtal
Emvironments

transform throughout the day to e

Figure 15) Evolve

accommodate treatment, recovery,
family interaction, or rest. By enabling continuous environmental and spatial adaptation, this
stage redefines architecture as a responsive healing system that evolves with its users rather

than remaining a static physical environment.

* ROOM TRANSFORMATION THROUGHOUT THE DAY !

Recovery Mode Treatment Mode Family Interaction Mode Rest Mode
Caim + Restorathe + Quat Focused « Clinical + Efficem Connectod » Socisl ~ Warm Refasing » Dark + Resthd

Architecture becomes an active participant in healing, adapting to changing needs and moments.

Figure 16) Example

A — ASSESS: PREDICTIVE HEALING PERFORMANCE

The Assess stage enables continuous performance evaluation through real-time
monitoring and predictive analysis, moving beyond conventional post-occupancy assessments

conducted only after building completion. The framework evaluates both environmental

performance and human A = ASSESS

well-being using indicators ~ PREDICTIVE HEALING PERFORMANCE

such as pati ent satisfacti on, TR CENTERGD INGICATORS) ’ Al PREDICTIVE DASHBOARD ~ OPERATIONAL INDICATORS

stress reduction, recovery —[(s%) puemsatacton (daR) stat Eiciency

Stress Redoction \/ o‘ Space Utilizaticn

experience, emotional

Pvcovery Progeess (9\) Enargy Parformance

comfort, staff efficiency, =
(94 ) Emotional Comtort
space utilization, energy = cuuyeicae

n.’\:g'!/, Enviroeemantal Quality

/iﬁ\ Focilxy Manageeent
V) Eftectivoness

performance, indoor

Figure 17) Assess
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environmental quality, and PREDICTIVE ANALYTICS
. Recovery Outicome Prediction Space Utiizsson Forecast Emvironmental Performance
fac111ty management — . +18% .. 87% ) +24%
A . W= Imgrovement r v’ Ognimal Su A Effciency
effectiveness. By analysing .- o : | ; L I II o LR NN —
2 = ol M| i : >

these data, Artificial
Intelli gence identifies Al INSIGHT & EARLY INTERVENTION
~ §9  Limited dayfight detected in 15% of patient rooms Adaptive intervention suggestod:

performance patterns and & finked 1o lower comfort levels. — Increase duyfight + adjust lighting + optimize layout
predicts  potential  issues

. The building continuously evaluates its performance and predicts outcomes
before they become critical. to ensure better healing experiences and operational efficiency.
For instance, it can detect that Figure 18)Predictive Analysis Graphical Representation
patients in rooms with limited daylight consistently report lower comfort levels, enabling
timely environmental adjustments. This stage allows healthcare buildings to perform
continuous self-assessment, ensuring ongoing improvement in operational efficiency, user

experience, and overall healing performance throughout their lifecycle.
L-LEARN: EVOLUTIONARY LEARNING ECOSYSTEM

The Learn stage transforms the healthcare facility into a continuously evolving and
intelligent system, where every interaction between users and the built environment contributes
to ongoing learning and improvement. By analysing accumulated data on user preferences,
environmental performance, seasonal behavioural patterns, operational challenges, and
recovery-supportive conditions, the system continuously refines its predictive capabilities and

L - LEARN personalizes environmental responses over time.

Unlike conventional buildings that physically
deteriorate with age, the proposed framework
introduces the concept of Cognitive Healing
Architecture, in which healthcare facilities evolve
intellectually through continuous learning. This
enables hospitals to become increasingly responsive,
adaptive, and effective in supporting patient well-

being, operational performance, and long-term

healing outcomes.

Figure 19) Learn

6. DISCUSSION

The comparative analysis demonstrates that healing architecture and Artificial Intelligence
complement each other in creating more effective healthcare environments. While Khoo Teck Puat
Hospital highlights the therapeutic value of biophilic and patient-centered design, Humber River

Hospital illustrates the potential of Al-driven technologies to improve operational efficiency and
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environmental performance. Individually, these approaches address different aspects of healthcare

design; together, they provide the foundation for adaptive and responsive healing environments

The comparative analysis demonstrates that healing architecture and Artificial Intelligence
complement each other in creating more effective healthcare environments. While Khoo Teck Puat
Hospital highlights the therapeutic value of biophilic and patient-centered design, Humber River
Hospital illustrates the potential of Al-driven technologies to improve operational efficiency and
environmental performance. Individually, these approaches address different aspects of healthcare

design; together, they provide the foundation for adaptive and responsive healing environments.

The proposed A.LH.E.A.L. Framework integrates these strengths by combining intelligent
technologies with human-centered design principles. Rather than viewing Al solely as a tool for
automation, the framework positions it as an enabler of personalized, responsive, and emotionally
supportive healthcare spaces. However, its implementation requires careful consideration of privacy,
cybersecurity, ethical governance, and accessibility to ensure that technology enhances, rather than

replaces, human care.
7. CONCLUSION

This study explored the integration of Artificial Intelligence with healing architecture to
address the growing need for adaptive, patient-centered healthcare environments. The review of
literature and comparative analysis revealed that existing approaches often emphasize either
therapeutic design or technological efficiency, with limited integration of both. To bridge this gap, the
study proposed the A..LH.E.A.L. Framework as a conceptual model for intelligent healthcare

architecture.

The framework introduces the concept of Cognitive Healing Architecture, where
healthcare environments continuously sense, interpret, adapt, and learn from user needs to support

physical, emotional, and psychological well-being. Unlike conventional smart hospital models that

primarly focus on operatioal
- - A} '
- 1

performance, the proposed ey i » [ =iis B
el
approach places empathy, STANDAND CAse ' ' T
B ) 4 e

personalization, and

. . s MANLAL MONTOR N A RARED MOMTYOMNG
environmental responsiveness at ST Sasvimerininy g n sy AT
the core of architectural design. AL S AT , 1y meenownnssw
@ ol PN s
This research Figure 20) Comparision Between Traditional Hospital and AIHEAL

demonstrates how Artificial Hospital

Intelligence can extend the principles of healing architecture beyond static design, enabling hospitals
to evolve into intelligent healing ecosystems. As Al technologies continue to advance, integrating
technological intelligence with compassionate design will be essential in shaping the next generation

of healthcare architecture.
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