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Overall Session Learning Objectives

• Objective 1 ‐ Understand the types of physiological factors that can more 

conveniently be monitored to assess thermal comfort in real‐time.

• Objective 2 ‐ Understand the advantages of data‐driven approach in comfort 

predictions of individuals.

• Objective 3 – Learn about relevant research questions with regard to adaptive 

thermal comfort, and understand how to approach these questions 

experimentally in lab and field studies.

• Objective 4 ‐ Provide an overview of the principle of Human‐Building Integration, 

and its potential use as a smart (end‐user) control over HVAC systems.

Presentation Learning Objectives

• Objective 1 ‐ Understand the complexities in predicting and 
assessing thermal comfort in health care.

• Objective 2 ‐ Understand the types of human factors that can 
more conveniently be monitored to assess thermal comfort in 
health care.

• Objective 3 ‐ Learn the challenges & potential opportunities in 
using real‐time physiologically‐informed individual thermal 
comfort assessments to drive personalized & room indoor climate 
systems.

• Objective 4 ‐ Provide an overview of the types of wearable 
sensors that can practically be used.

• Objective 5 ‐ Understand the approaches to correlate sensors 
data to thermal comfort at individual and room levels.

Outline

1. Thermal Comfort in Health Care: Challenges

2. Background ‐ Thermal Comfort Principles &                 

ASHRAE Standard 55‐2013

3. Physiological/Human Signals to be Monitored

4. Sensing & Monitoring Technologies

5. Issues & Requirements

1. Thermal Comfort in Health Care: Challenges

Patients

Visitors  Staff

• Performance 
• Arousal
• Mental stress
• Fatigue
• Workload  

• Emotions
• Anxiety? 
• Short stay

• Age group
• Medical condition
• Emotions 
• Anxiety?
• Length of stay?
• Gowning 
• Bedding 

Context 
• Building type & characteristics
• Type of service / Type of medical procedure
• Sepsis requirements

Diversity of Comfort Requirements

How to Capture this Diversity in Thermal Comfort Requirements?

• Transient (MET?)
• Gowning  (CLO?)

(Shipworth et al. 2016)

1. Thermal Comfort in Health Care: Challenges

• Impaired	perception
• Impaired	emotion
• Impaired	cognition
• Impaired	temperament
• Impaired	adaptation…

• Impaired	mobility
• Impaired	thermal	sensation
• Impaired	thermoregulation
• Impaired	metabolic	functions
• …

Intellectual Physical/Physiological

Medical	Condition

Healthy Disabled

• Newborn
• Baby
• Toddler	
• ….
• Elder

Type	of	Service/Medical	Procedure

• Ward/Room	type/location
• Medicine
• Anesthesia
• Activity/Posture
• Clothing/Gown
• Length	of	stay?

Age	Group

Unhealthy

Factors Affecting Thermal Comfort of Patients: (Mora and Meteyer 2017)
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1. Thermal Comfort in Health Care: Challenges

People with Physical Disabilities

(Parsons 2002)

“Of particular importance is the use of the adaptive approach for 
people with physical disabilities. The present research has led to 
hypotheses that suggest that thermal comfort requirements for 
people with physical disabilities should take account of the 
restricted ability of people to adapt to the thermal environment. ”

“For babies, children, the sick and the pregnant there is a need for 
systematic research into the interaction of the six basic parameters 
and thermal comfort. ”

(Parsons 2002)

1. Thermal Comfort in Health Care: Challenges

(Gupta et al. 2016)

Environment Effects on People (Assisted Living)

(Lichtenbelt et al. 2016)

“Research in the UK and elsewhere has highlighted that older 
people are particularly vulnerable to negative health effects of 
overheating”

“We feel that enough physiological information on the effects on 
indoor temperature on health has been gathered to start putting 
this knowledge into practice. Therefore, the question rises: how can 
this knowledge be translated into the built environment?”

2. Background ‐ Thermal Comfort & ASHRAE Standard 55‐2013

Representative Occupant(s)
Identify space types

Whole‐body Thermal 
Balance Model

Adaptive Comfort Model

Temperature 
variations with time?

SET Index: Elevated Air Speed

10 	 50 		 	 	 . 	33.5 	 92

	 . . . 	 . . .
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Identify space types
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, , ̅ ,

Environmental factors

	 , 	

Personal factors
Environmental & Personal factors

	 	 	 .

Local 
Discomfort?

0.7	
1.3	 	

	 	
		 …

Direct Solar 
on Subject?
(ERF→MRT)

0.5 1.0	

1.0	 1.3	

	 	 0.3	 / 60	

2. Background ‐ Thermal Comfort & ASHRAE Standard 55‐2013

Physiology Psychology

Building 
Environment

Context 

Humans

• Social
• Climate
• Building type
• Building characteristics
• Level of control

Personal background:
• Background, motivations
• Thermal history
• Expectations on the 
Indoor Environment

Thermoregulation:
• Age 
• Gender
• Health condition

Objective 
Measurements

Subjective 
Evaluations

Assumptions:
Met, Clo

Subjective Scales:
• Thermal sensation
• Thermal acceptability
• Thermal preference

“Comfort is a construct that exists in our thinking & cannot be measured directly” (Cain 2002)

2. Background ‐ Thermal Comfort & ASHRAE Standard 55‐2013

Rational Model: PMV‐PPD Thermal Comfort Model (Fanger 1970)

The thermal balance of the human body results in skin temperatures & sweat rates 
that should be kept within specified ranges, depending on metabolic activity &
thermoregulation (physiology), to produce a neutral thermal sensation (sensory 
psychology) & subsequent conscious thermal satisfaction (cognitive psychology). 

Metabolic 
Activity

Mean Skin 
Temperature

Sweat Rate

Body heat balance

Warm thermal imbalance

Cold thermal imbalance

PMV

• Body not far from thermal neutrality
• Narrow range of environmental conditions
• All sweat generated evaporates

Main physiological parameters 
influencing heat balance

Input (given)

Calculated 

Main Assumptions

Local Discomfort:

2. Background ‐ Thermal Comfort & ASHRAE Standard 55‐2013

Tolerance/Thresholds = f(overall thermal sensation, personal control)

Temporal thresholds:

• Temperature variations with time:

• Deviation from neutral (drifts): amplitude

• Fluctuations: frequency (minutes, hours, days)

Spatial thresholds:

• Local discomfort:

• Air drafts: ankle, neck

• Vertical air temperature difference (stratification): standing, seated

• Radiant thermal asymmetry: cold/warm wall, cold/warm ceiling

• Floor surface temperature
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2. Background ‐ Thermal Comfort & ASHRAE Standard 55‐2013

Research Directions (Relevant to Health Care):

• Adaptive Inner Mechanisms & Occupant Building Interactions

• Transient Activities 

• Non‐uniform & Non Steady‐State Environments

• Drastic Thermal Transitions: Alliesthesia (Thermal Pleasure)

• Long‐term Thermal Comfort Indices & Excursions 

• Uncertainty Quantification: Confidence in Predictions

• Multi‐node Models of Thermal Physiology & Comfort

• Thermal Comfort for Vulnerable Populations

• Comfort, productivity, & performance

• Interactions: odor, lighting, noise

• Personal Comfort Systems (van Hoof 2008, Carlucci and Pagliano 2012, 
de Dear et al. 2013, Rupp et al. 2015)

3. Physiological Signals to be Monitored 

Thermal Stress (heat loads acting on the body):

• Net Heat Load on the Body from the Combined 

Contributions of Metabolic Heat Production and 

External Environmental Factors.

Thermal Strain (body’s thermoregulatory response):

• The Net Physiological Load Resulting from Heat 

Stress (the body’s response)

• Thermoregulation is a process that allows your 
body to maintain its core internal temperature. 

• All thermoregulationmechanisms are designed 
to return your body to homeostasis. This is a 
state of equilibrium. A healthy internal body 
temperature falls within a narrow window.

3. Physiological Signals to be Monitored 

Set point

activity

muscles

blood

disturbance

Body thermal 
balance

Skin 
Temperature

Cold: shiver

Warm: sweat

increased

Evaporative

• Skin
• Respiration
• Perspiration 

Hot → Reduce metabolic rate 

Brain
Control

Sweat 
glands

+/‐
vasoconstriction

vasodilation

Circulatory system 

ENVIRONMENT

Heat dissipation

3. Physiological Signals to be Monitored 

Core Temperature Body 
Mass

Cold → Increase metabolic rate

convection

Thermal energy

Heat Production

Non‐thermal factors

heat loss

heat production

Burn: Fuel/Food/Fat

Need energy

Homeostasis:	36.1 	 97 	 37.8 	 100

Skin  Thermal 
Receptors

Thermal Sensation

Feedback
Loop

Feedforward signal (from the environment) 

• Exercise 
•Work
• Regular Activity

METABOLISM

3. Physiological Signals to be Monitored 

(National Geographic 2014)

(Wenger 1997)

Skin Temperature Distribution

Man’s hand Woman’s hand

“Blood vessels in the body’s extremities are the 
first to constrict when temperatures drop”

3. Physiological Signals to be Monitored 

Rectal

Head

Torso

Skin (mean)

Hands

Feet

Ambient Temperature 

Sk
in
 T
e
m
p
e
ra
tu
re
 

Measured Skin Temperatures 
on a Nude Person

(BW Olesen 1982, Thermal Comfort
Technical Review, Bruel & Kjaer)

Skin Temperature Distribution

71.6 93.2

37.4

98.6
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3. Physiological Signals to be Monitored

(King and Ammer 2012)

Patient Thermal Comfort: Impaired Thermoregulation

3. Physiological Signals to be Monitored

Regional distribution of thermal sensitivity to cold at rest and during mild exercise in males

(Ouzzahra et al. 2012)

“Thermal sensitivity corresponds 
to two opposite sensibilities, the 
sensitivity to warm and the 
sensitivity to cold. These feelings 
are detected by some specific 
points which are sensitive to hot 
and warm and that are scattered 
all over the skin with a lower 
density than those dedicated to 
mechanical stresses. Moreover, 
the sensitive points to cold are 
more numerous than those 
sensitive to hot.”

3. Physiological Signals to be Monitored 

Skin Temperature Distribution

Before                      During                   After

Two athletes: before, during, after exercise

Different colors refer to different athletes

(Tanda 2015)

80.6

91.4

80.6

91.4

Sensing State / 
Condition

Measured Variable          
Physiological Bio‐signal(s)

Model Factors References

Thermal
sensation

• Skin temperature:
local, mean

Questionnaires 
Statistical regression

BMI
Age 
Gender

(Yao et al. 2007,
Zhang et al. 2010, 
Choi et al. 2012a,  
Sim et al 2016, 
Choi et al. 2017)

Thermal
sensation 

• Heart rate (HR)
Questionnaires 
Statistical regression

MET 
Gender 
BMI

(Choi et al. 2012b)

Thermal comfort 
(Metabolic rate)

• Heart rate (HR) 
• Oxygen uptake ( )
• Carbon Dioxide ( )

Metabolic rate correlation  RQ (ASHRAE 2013)

Thermal comfort 
(Metabolic rate)

• Heart rate (HR)
• Heart rate variability (HRV)
• Basal metabolic rate (M0)

MET correlation (Lab. protocol)
MET correlation (Field calibrated)

(ISO 8996 2004) 
(Revel et al. 2015)

Activity (exercise)
• Heart rate (HR) 
• Heart Rate Variability (HRV)
• Oxygen uptake ( )

Regression models

Exercise level, 
Dehydration 
Age, Fitness 
Level, Altitude

(Strath et al.2000, 
Achten and 
Jeukendrup 2003)

3. Physiological Signals to be Monitored

3. Physiological Signals to be Monitored

(Zhang et al. 2002) (ASHRAE 62.1‐2016)

Children? Elder?

?

3. Physiological Signals to be Monitored

(Taylor and Cotter, 2006)

Physiological Adaptation
• Comparison of Physiologically adapted Vs. un‐adapted athletes during a marathon
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Questions:
• Measure Emotions & Feelings?
• Leading to Thermal Satisfaction?

3. Psychological Signals to be Monitored

Emotions & Feelings 
Drive our Decisions & Actions…

(Taufik et al. 2015) 

(Shipworth et al. 2016) 

“Psychological drivers might help explain inter‐individual differences where 
different individuals experiences the same thermal environment differently 
according to their specific cognitive or emotional state. They might also foster our 
general understanding of thermal comfort, such as that in certain settings comfort 
might be experiences differently by the majority of people because of certain 
psychological state they are in (e.g. being very focused on a task as opposed to 
being at leisure).”

“Participants who were feeling positive about themselves after having received 
manipulated feedback about their carbon footprint judged the temperature in a 
climate‐controlled room to be higher than those who did not have a positive feeling 
induced. Hence, depending on how we feel, we might judge the same thermal 
conditions rather differently.”

3. Psychological Signals to be Monitored

Perceived & Exercised Control:

• Perceiving control over aspects of the local thermal environment can 
increase satisfaction with a wider range of temperatures.

• Allowing occupants to create a micro‐climate is associated with greater 
worker productivity and significant energy savings.

• “The objective of current comfort standard is to ensure that only a 
minority of occupants are dissatisfied. However, in the context of 
dwelling for people with dementia it is important that thermal 
environments achieve much higher comfort levels since occupants may 
not request help or express adequate response in case of discomfort.”

(Paciuk 1990, Brager et al. 1998)

(Zhang et al. 2015)

3. Psychological Signals to be Monitored

(Kinnane et al. 2016)

Perceived & Exercised Control:

3. Psychological Signals to be Monitored

(Kinnane et al. 2016)

“no”

“

Dementia & Design for Assisted Living:

• People experience dementia in very different ways, 
common symptoms include high levels of anxiety and 
stress, and increased sensitivity to the social and built 
environment.

• Problem behaviors may be exacerbated by 
inappropriate environments.

• People with dementia are typically older, and therefore 
may also have to deal with age related impairments, 
such as mobility, visual, and hearing difficulties.

(Marshall 1998)

(van Hoof 2010)

(Marshall 2009)

3. Psychological Signals to be Monitored

… Context‐aware device: adjust hearing volume 
depending on the type of noise (sound masking)

3. Psychological Signals to be Monitored

“…results show that the restriction to keep the window 
closed is counterbalanced by an increased amount of 
physiological reactions, such as an increased level of 
skin temperature…”

(Schweiker, M., Brasche, S., Bischof, W., Hawighorst, M., & Wagner, A. 2013) 

Exploring Physiological, Behavioral, and 
Psychological Reactions to Thermal Stimuli:
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Measured Variable                              
Body Signals

Model Factors References

Physiological:

• Heart rate (ECG)
• Electrical activity of muscles (EMG)
• Electrical conductance of the skin (skin conductance)
• Respiration 

Questionnaires 
Correlations 

Driving conditions
Experimental 

(Healey et al. 2004)

Physiological:

• Electrical conductance of the skin (skin conductance)

Behavioral:

• Body movements (accelerometer)

Questionnaires
Correlations 

Experimental 
Phone usage 
Alertness 
Sleep quality 

(Sano and Picard 2013)

Physiological:

• Skin temperature
• Electrical conductance of the skin (skin conductance)
• Pulse wave frequency (BPM)

Experimental 
correlation & 
validation

Wearable stress 
monitoring patch

(Yoon et al. 2016)

3. Psychological Signals to be Monitored

Quantifying Mental Stress:

Traditional in Medical field:
Physiological measures: saliva samples (cortisol), blood pressure

Psychological questionnaires

3. Psychological Signals to be Monitored

Monitoring Mental Stress:

A Flexible and wearable Human Stress Monitoring Patch:

(Yoon, S., Sim, J. K., & Cho, Y.‐H. 2016)

3. Psychological Signals to be Monitored

Quantifying Emotions: (Imotions 2017)

Whenever sweat glands are triggered and become more active, they secrete moisture through 
pores towards the skin surface. By changing the balance of positive and negative ions in the 
secreted fluid, electrical current flows more readily, resulting in measurable changes in skin 
conductance (increased skin conductance = decreased skin resistance). 
This change in skin conductance is generally termed Galvanic Skin Response (GSR). 

3. Psychological Signals to be Monitored

Quantifying Emotions:

Skin conductance

(Adapted from Imotions 2017)

Brain Activity: Electroencephalography (EEG)

Heart Rate 
(ECG)

Pupil 
Dilation

(GSR)

(Physiological)

Attention

Facial recognition Facial recognition

Stress

4. Sensing & Monitoring Technologies

Passive Active Smart (context aware)

Real‐time Off‐line

Functionality

Unsupervised Supervised  Semi‐supervised 

Thermal Comfort
Goal:
Condition/State

Pervasiveness Data processing & analysisRemote monitoringAdvanced

Activity Mental stress Fatigue…

Bio‐signals Skin temperature Heart rate Oxygen uptake Skin conductance…Carbon dioxide

Anxiety

Personal: Single/Multimodal Ambient/Fixed Hybrid Scope/Context

Arousal

Wearable  ImplantableExternalLocation Ingestible

4. Sensing & Monitoring Technologies

Type of bio‐signal Type of sensor Notes

Skin temperature • Thermistor
• Infrared imaging
• iButton (data logger)

A measure of the body’s ability to dissipate 
heat

Heart rate (HR) & Heart Rate 
Variability (HRV)

• PPG 
(Photoplethysmography)

Frequency of the cardiac cycle in beats per 
minute (BPM), i.e. pulse rate

Heart: electrical activity • Electrocardiogram (ECG) 
Skin/Chest electrodes

Continuous waveform showing the 
contraction & relaxation phases of the 
cardiac cycles

Perspiration (sweating) or 
skin conductance

• Galvanic skin response 
(GSR)

Electrical conductance of the skin associated 
with activity of sweat glands

Respiration rate • Piezoelectric / 
piezoresistive sensor

Number of movements indicative of 
inspiration & expiration

Oxygen level in blood • Pulse oximeter Peripheral oxygen saturation

Muscles: electrical activity • Electromyogram (EMG) skin 
electrodes

Electrical activity of the muscles 

Body movements (inertial) • Accelerometer, gyroscope  Acceleration forces in 3D space

Electroencephalogram (EEG) • Scalp‐placed electrodes Electrical spontaneous brain activity
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4. Sensing & Monitoring Technologies

(Patel et al. 2012)

(Zhu et al. 2008)

Applications Undergoing Assessment in Health Care

Remote monitoring

4. Sensing & Monitoring Technologies

(Patel et al. 2012)

Building blocks:
1. Sensing & data collection 
2. Communication 
3. Data analysis

Enabling technologies:
• Microelectronics (MEMS)
• Flexible materials
• E‐textiles, garments 
• Integrate multiple sensors
• Wireless
• Cloud‐based 
• Low‐power
• Integrated GPS  
• Data mining, AI

Smart Home research projects

4. Sensing & Monitoring Technologies

Detecting & Measuring Occupancy:

• Identify people in a room & adjust the thermal environment for those people…
• How long does a person stay in a particular type of environment? 
• Where exactly is that person in the room?

Comfort Eye Technology
www.univpm.it

The Comfort Eye is a low‐cost, IR based comfort sensor for the monitoring of
thermal comfort in multiple position of the space according to ISO7730 and ISO
7726.

Better comfort monitoring with the possibility to measure maps
of radiant temperatures which affect strongly thermal comfort,
especially in case of strong warming of building envelope

Revel, G. M., Arnesano, M., 
& Pietroni, F. (2015) 

The new version of the Comfort Eye is under development and optimization

Completely re‐designed for:

• Easier installation

• Higher modularity

• Short and long period monitoring

• Cloud data storage

• Higher data accessibility 

The new IR scanning system provides higher IR resolution and communicates wirelessly with 
devices. It can be mounted on tripod for short‐term monitoring, on the ceiling for long‐term 
or permanent monitoring

In addition to thermal comfort, Indoor Air Quality can be monitored with embedded sensor 
for CO2 and TVOC measurement. 

Communication module is interchangeable supporting different standards (WiFi, BLE, 
Zigbee, LoRa) 

Integration with wearable devices for real time metabolic rate measurement. 

Comfort Eye Technology
www.univpm.it

Revel, G. M., Arnesano, M., 
& Pietroni, F. (2015) 

Integration with healthcare and elder care services through heart rate monitoring
devices

Gateway

CEYE unitDatabase

Wearable devices

, , , , ,

Continuous
measurement

Inputs

1. HR 
2. BR
3. Acceleration
4. Activity
5. Posture

To improve the measurement accuracy 
with a new equation, the minimum set of 
parameters to be used is 3

= HR at rest

= increase in the heart rate 
per unit of metabolic rate

= metabolic rate at rest

Health Care & Elder Care

Pietroni, F., Casaccia S., Revel GM., Scalise L. (2016) 

www.univpm.it

Revel, G. M., Arnesano, M., 
& Pietroni, F. (2015) 
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Integration with healthcare and elder care services through heart rate monitoring
devices

Different thermal sensation (the same environment!) SLIGHT
WARM

SLGHT COOL
/ COOL

NEUTRAL

Example of real time 
measurement of the 
metabolic rate &
application to thermal 
comfort monitoring

Health Care & Elder Care
www.univpm.it

Revel, G. M., Arnesano, M., 
& Pietroni, F. (2015)  5. Issues & Requirements

1. Sensor Placement & 
Contact Force
• Specific location
• Spatial Distribution
• Placement/Positioning  

2. Accuracy 
• Range of applicability
• Affected by movement
• Affected by sweating

3. Number of sensors
• Single
• Multimodal 

4. Persistence

5. Ergonomics 
• Unobtrusive/ Noninvasive

• Wireless   

6. Sepsis

7. Secondary effects
• Skin irritability

• EM radiation emission

• Heat generation

8. Reliability
• Battery/Power

• Communication 

• Logging/Sampling Interval 

5. Issues & Requirements

(de Andrade Fernandes
et al. 2014)

Accuracy:

Conclusions

• Make Health Care Environments Acceptable for more People > 80%

• Lack of Quantitative Thermal Comfort Data from Health Care

• Recognize Occupancy Diversity in Health Care

• Physiological Sensing: Opportunity to Acquire Data → Comfort 

• Help Understand Individual Comfort Needs ↔ Indoor Environments

• Need Quality‐Controlled Physiological Signals/Data

• Transform Signals into Thermal Comfort Requirements & Models

• Challenges: Psychology & Health Condition

• Next: Test & Use Sensing Technologies in Field & Lab

• Goal: Improved Designs & Responsive Indoor Climate Technologies
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