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INTRODUCTION

ASHRAE defines thermal comfort as “that condition 
of mind that expresses satisfaction with the thermal 
environment” [1].  While engineers and designers are 
typically familiar with the thermal safety and com-

pliance standards required in their industry [2], thermal comfort 
is less well understood and often treated as an afterthought in 
the design process.  However, thermal comfort should be consi-
dered early in any product development process.  Not only are 
thermal comfort thresholds lower than their safety counterparts, 
but thermal comfort-related misses can hinder the success of a 
design due to factors such as poor product reviews.

As illustrated in Figure 1, the human body is often cooler than 
commercial electronic items, such as laptops or mobile phones.  
If the heat flux resulting from immediate and/or prolonged 
contact with an electronic device negatively impacts comfort, sa-
tisfaction with the product will consequently also be negatively 
affected.  In light of this, comfort in the consumer electronics 
industry is expected to become increasingly important as people 
become more directly coupled with their electronics devices.  

This primarily is being observed in the wearables industry with 
devices such as smartwatches, virtual reality, and augmented 
reality products.  

Figure 1: Infrared image of common consumer electronics during outdoor usage (°C)
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Thermal comfort is a complex phenomenon that depends on fac-
tors including personal preference, local environment, geogra-
phical location, product use case, product type, user interface, 
geometry, and material to name a few.  The wide range of contri-
buting factors results in a large variation in thermal comfort 
metrics and indicators, including temperature, heat flux, and 
skin wettedness.  Table 1 provides a non-exhaustive snapshot of 
various comfort limits identified in the literature.  It is also pos-
sible that there are interactions between multiple metrics, such as 
temperature and skin wettedness.

Table 1:  Examples of Thermal Limits for Comfort and Safety
Thermal Limits Limit Type Value Ref.

Safety 
Touch Temperature (> 8hr) 43°C

[2]
Touch Temperature (> 1min) 48°C

Comfort

Touch Temperature*

40-48°C [3]

41°C [4]

44°C [5]

45°C [6]

Heat Flux 400 W/m2 [4]

Skin Wettedness 0.30-0.36 [7]

* Touch temperature limits typically correspond to the initial onset of 
pain/discomfort, not the first thermal sensation

Given both the importance and complex nature of thermal 
comfort in electronics design, a logical process is needed to de-
sign for thermal comfort.  Successful design typically combines 
user testing and comfort modeling to enable data-driven design 
decisions.  Figure 2 illustrates one embodiment of a notional pro-
cess for integrating thermal comfort into the design cycle. 

Figure 2: Integrating thermal comfort into the design process 

USER TESTING
Thermal sensation is affected by warm and cold subcutaneous 
thermo-receptor discharge rates, which, in turn, are correlated 
with human body temperature [8]. Understanding how hot or 
cold stimuli may be perceived by a human subject requires a 
comprehensive assessment of the heat generated and distri-
buted within a human body and the heat transfer between the 
body and its environment. Thermal perception can be descri-
bed in terms of thermal sensation (how hot or cold one feels) 
and/or thermal comfort (whether or not the sensation feels 
good or bad) [9][10]. 
 
In addition to thermo-receptors, “touch” receptors may also be 
important in thermal perception studies. For example, cool air 
impinging on human skin can cause so-called draft discomfort, 
which correlates to the response of both mechanoreceptors and 
thermo-receptors when stimulated in tandem [11]. For example, 
draft discomfort is a significant concern in the design of archi-
tectural and automotive environments since climate control 
systems typically rely on air movement to modulate the ambient 
temperature. Similarly, the combination of these same receptor 
responses, when processed in the brain, elicits the perception 
of wetness.  This may cause discomfort during an exposure in 
which sweat is produced and leads to an uncomfortable feeling of 
stickiness after the sweat has dried [12]. Wetness and stickiness 
should be considered in thermal perception studies involving 
warm to hot environments and/or work-rest cycles incorpora-
ting high activity.

While there is a clear correlation between thermo-physiological 
state and thermal perception within an average population sub-
group, there will always be variability among individuals [13]. 
While a portion of this variability can be attributed to diffe-
rences in individual subjective thermal preferences, other, more 
objective factors that influence thermo-physiological state, can 
be controlled to some extent. If one of the objectives of a test is 
to reduce variability, it is important to define a test protocol that 
ensures all participants are outfitted in a standardized clothing 
ensemble (e.g., jeans and t-shirt) and perform the same activity 
(e.g. a prescribed work-rest cycle). The initial thermo-physiologi-
cal state can strongly impact test results [14]. This influence can 
be mitigated by ensuring that test participants control their ac-
tivity prior to testing by, for example, requiring that they refrain 
from vigorous exercise a sufficient number of hours before the 
testing. Some aspects may be more challenging to control, but 
can nevertheless be addressed by using a larger study population 
so that test data can be segregated and analyzed a postiori accor-
ding to subgroups of individuals that share the same personal 
characteristics, such as ethnicity, sex, levels of acclimatization, 
and physical fitness. 

Subjective responses can be gathered by a variety of means, in-
cluding by the use of paper or electronic forms filled out by test 
participants throughout the exposure [15]. Participants can also 
be prompted intermittently to provide a verbal description of their 
thermal state [16]. While such an approach can be labor-intensive, 
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it does provide a more natural experience for the test participant 
and can improve reliability and consistency in test results. 

For most applications, overall thermal comfort is the primary 
metric that ultimately needs to be gathered from a test. However, 
for a deeper understanding of how the participant’s thermophy-
siological state may be influencing comfort, it can be valuable to 
also obtain a measure of the participant’s overall thermal sensa-
tion. Additionally, since overall comfort correlates well with the 
comfort of the two most uncomfortable body segments, it can be 
informative to have test participants identify these along with 
the local sensation and comfort of these segments. It is critical 
that wetness perception and air movement/draft perception are 
measured if sweating or air movement are likely to occur during 
the exposure. 

The psychology of an individual can also bias results. Studies 
have shown that thermal perception can be influenced by the co-
lor of a room or whether one has control over the environment. 
To mitigate such influences, the test should be designed to ob-
fuscate the experimental setup details or its history and reduce 
bias derived from one’s emotional state or perception of personal 
appearance as well as distracting factors such as wires for data 
acquisition devices or instrumentation.  

When comfort testing focuses on a device or product, it is im-
portant to consider the value proposition that the device pro-
vides the user.  In some cases, the value of the device may in-
fluence the user’s comfort threshold or thermal acceptability of 
the device.

COMFORT MODELS
Accurate assessment of thermal perception requires a compre-
hensive analysis of the heat transfer between the human body 
and the environment.  A conventional prediction approach 
(e.g. PMV/PPD, Equivalent Temperature) is to directly corre-

late thermal perception to environmental conditions (e.g. air 
temperature, clothing), which implicitly accounts for the re-
lationship between physiological state and thermal comfort 
[17][18][19]. An alternate approach (e.g. the Berkeley Comfort 
Model, Fiala DTS) is to explicitly correlate thermal perception 
to physiological state (e.g. skin and core temperature), thereby 
separating the objective thermal analysis portion of the pro-
blem from the subjective thermal perception analysis side [9]
[20][21][22][23].

Thus, thermal comfort models can be categorized as either 
environment-based [Table 2] or physiology-based [Table 3]. 
Environment-based models typically require inputs of air 
and surrounding temperatures, air velocity, clothing thermal 
resistances, humidity, and solar loading.  Physiology-based 
comfort models just require inputs of the human body’s ther-
mal state, usually in terms of skin temperature, core tempe-
rature, evaporation rate, and the rates of change of skin and 
core temperatures. 

Table 2:  Examples of Environment-based Comfort Models  

Environment-based Models Publication

Predicted Mean Vote (PMV) Fanger 1970

Predicted Percent Dissatisfied (PPD) Fanger 1982

Equivalent Temperature (EHT) Wyon et al., 1989

Table 3: Examples of Physiology-based Comfort Models  

Physiology-based Models Publication

Skin Wettedness Comfort (wsk) Gagge, 1967

Dynamic Thermal Sensation (DTS) Fiala et al., 2003

Berkeley Comfort Model (BCM) Zhang et al., 2009

Figure 3: Berkeley Comfort Model sensation and comfort
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Fanger developed the Predicted Mean Vote (PMV) model and its 
associated Predicted Percentage of Dissatisfied (PPD) model to 
predict thermal sensation and the level of discomfort of human 
subjects in different steady environmental conditions and at va-
rious activity levels. Fanger’s model is a function of activity level, 
clothing resistance, air temperature, mean radiant temperature, 
air velocity, and relative humidity.

Fiala’s Dynamic Thermal Sensation (DTS) model is derived 
from correlations of thermal sensation with mean skin tem-
perature, core temperature, and the time derivative of mean 
skin temperature. In contrast to PMV, the DTS model can be 
used to predict thermal sensation in transient conditions. Both 
PMV and DTS report thermal sensation on the ASHRAE se-
ven-point scale in which +3 is hot, 0 is neutral and -3 is cold. 
The output from either model can be supplied to Fanger’s PPD 
model to predict (dis)satisfaction with the thermal environ-
ment (i.e., thermal comfort), provided that conditions are both 
steady and homogeneous.

The Berkeley Comfort Model is widely considered the state of 
the art for predicting thermal perception from body core and 
skin temperatures in transient and asymmetric conditions. 
Overall and local (per segment) thermal sensation and comfort 
are reported on a pair of 9-point scales. The sensation scale has 
the same interpretation as the ASHRAE 7-point scale, but in-
cludes the extreme sensations of “very hot” and “very cold.” A 
separate scale is used to indicate various levels of comfort; po-
sitive values indicating satisfaction and negative values corres-
ponding to dissatisfaction.   

Environment-based comfort models can be adequate for pre-
dicting comfort for individuals undertaking sedentary or low 
activity work for extended periods in traditional office building 
environments. Physiology-based comfort models, on the other 
hand, are needed to predict the comfort of individuals exposed 
to transient and asymmetric loading scenarios, or exposures in 
which an individual’s anthropometry, physiology, or initial ther-
mo-physiological state, play a role.

It is important to note that physiology-based comfort models 
must be used in conjunction with a high-resolution human ther-
mal model that considers passive and active thermoregulation 
[24]. Metabolism, shivering, sweating, and changes in skin blood 
flow (vasomotion) must be modeled, often on a regional basis, so 
that human core and skin temperature distributions can be pro-
perly rendered before being input to a thermal comfort model.  

INTEGRATION IN THE ELECTRONICS
COOLING COMMUNITY
Physiology-based models are especially useful for predicting 
thermal perception within scenarios involving contact surfaces, 
such as a person occupying a heated and cooled seat, interacting 
with a consumer electronics device, or wearing clothing with 
passive or active heating and cooling technologies. 

These models have found wide adoption in the automotive and 
architectural worlds. Many have been incorporated within stan-
dard heat transfer modeling tools. To better address the needs of 
the electronics cooling industry, the focus has recently shifted 
toward extending these models to accommodate comfort predic-
tion for more localized heating effects. There are existing gaps 
and research areas that are actively being explored, such as the 
development of sub-segment models [Figure 4], accounting for 
ethnicity and psychology, and providing further physiologic and 
anthropometric resolution within the human body. 

Figure 4: Sub-segment comfort zones 

While a wearable electronic device may not significantly impact 
one’s overall thermo-physiological state, it can significantly im-
pact local thermal perception and lead to strong overall thermal 
comfort or discomfort, despite having limited contact with the 
body.  Thermal discomfort surprises can be avoided through the 
integration of user comfort testing and physiology-based mode-
ling into the standard design process for wearable electronics.
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