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The present study provides a thermodynamic degradation approach to model human stress response. Finger skin temperature was
used as an indicator of stress response to a stressor (or stressful event) followed by a recovery.The entropy change (Δ𝑆) is calculated
using heat transfer (𝛿𝑄) from the peripheral skin and finger skin temperature (𝑇𝑓). It was hypothesized that the human stress
response, as evidenced by finger skin temperature change, is a quasi-static process. The entropy approach is demonstrated using
data from a medical school experimental study. The finger skin temperature was measured under three conditions (relaxation,
stressor task, and recovery) during the physiological test profile. The entropy change (Δ𝑆) is postulated as entropy damage (Δ𝑆D),
which is a metric for measuring the aging or system degradation. The aging-ratio, 𝐴aging-ratio, that is, the ratio of entropy change
due to stressor to that of recovery, is presented for both male and female subjects. The statistical 𝑡-tests demonstrate statistical
significance in human stress response to stressor and recovery states within and between male and female subjects. This novel
approach could be valuable to medical researchers, particularly in the field of occupational health to evaluate human exposure to
stressful environments.

1. Introduction

Numerous researchers have been studying human stress
physiology to better understand the complexity of stress
response to stressful events in different environments. The
human physiological system maintains internal core temper-
ature (98.6∘F) at a normal level by enhancing or inhibiting
heat production and heat loss. The state of maintaining
constant internal temperature is called homeothermic state
and the phenomenon is called homeostasis. The finger skin
temperature, which is considered to be representative of the
sympathetic nervous system (SNS), is a strong indicator of
human stress response [1]. Thermoreceptors located under-
neath the skin respond to both local temperature and its
changes. Signals from the thermoreceptors are transmitted by
the central nervous system to the hypothalamuswhich in turn
determines the overall thermal state of the body and issues the
appropriate effector commands, which cause changes in the
body temperature via blood flow changes and metabolic heat
production.

The leading stress researcher Selye [2] defined stress as
the nonspecific response of the body to any demand. In other
words, he established the fact that stress response to a stressor
is wear and tear of the body. Karwowski [3] has clearly eluci-
dated the importance of using psychophysiological measures
to quantifymental stress, fatigue, andperformance in the field
of human factors and ergonomics. Mental stresses cause a
wide range of effects on worker performance. As discussed by
A. Mital and C. Mital [4], these could be physiological (ele-
vated heart rate, blood pressure, etc.), performance related
(decreased output, increased errors, etc.), or behavioral (lack
of attention, anxiety, etc.). Several researchers have investi-
gated the effects of mental and physical stresses. Increase in
heart rates [5–7], changes in blood pressure [8], and body
temperature [9] are some of the human stress responses
used in the past. Another study by Boregowda et al. [10–
12] investigated the use of thermodynamics-based Maxwell
relations [13, 14] to quantify stress response in terms of mul-
tiple physiological variables (blood pressure, heart rate, skin
temperature, electromyogram, and skin conductance level).
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However, none of these studies use an easilymeasurable phys-
iological indicator and a straightforward thermodynamics-
based methodology. The present study overcomes the past
limitations to quantify stress response using an easily mea-
surable finger skin temperature in a straightforward thermo-
dynamic expression for entropy change. This study, which
used specific event data, is unique in that it examines
entropy change as a measure of reliability, based on the
thermodynamic degradation science perspective [15]. The
thermodynamics-based approach was verified using data
from an experimental study conducted at theEasternVirginia
Medical School (EVMS). The formulations of entropy change
(Δ𝑆), postulated entropy damage (Δ𝑆damage), and aging-ratio
(𝐴aging-ratio) are provided in the next section.

2. Modeling and Formulation

2.1. Entropy Change Formulation. Consider a quasi-static
process of heat transfer taking place between the human
physiological system and the physical environment as a result
of a stressful event. This would be reflected in changes to the
finger skin temperature (𝑇𝑓). The transfer of heat (𝛿𝑄) or
entropy transfer (𝛿𝑄/𝑇𝑓) takes place via finger skin with the
finger skin temperature (𝑇𝑓) as the boundary temperature.
The entropy change is therefore given by (1) as defined in [15]:

Δ𝑆 = ∫2
1

𝛿𝑄
𝑇𝑓 = 𝑚𝐶𝑃 ln(

𝑇𝑓2
𝑇𝑓1) , (1)

where Δ𝑆 is entropy change from State 1 to State 2, 𝛿𝑄 is
heat transfer from the human system to the environment, 𝑇𝑓
is finger skin temperature (K), 𝑚 is human body mass (or
weight) in kg, and 𝐶𝑃 is specific heat of the human body =
3.5 kJ/kg⋅K.
2.2. Entropy Damage Formulation. The deviation from the
human physiological system’s relaxed state is characterized by
changes in the body’s relaxed state, which may be positive or
negative, depending on the imposed external stressor and the
internal physiological condition. Specifically, physiological
entropy is qualitatively defined as a measure of disorder [16].
It is a kind of global measure that specifies how violent
motions and reactions are occurring in nature. Hence, the
entropy change in the human physiological system shows
the extent of activity within the body as a whole; thus, the
entropy change is a significant quantity that characterizes the
human body from both thermodynamic and holistic (i.e.,
considering a human body as a whole) viewpoints.

Postulate 1 (entropy damage). The entropy change (Δ𝑆) is
a measure of disorder in the human physiological system
caused by heat transfer due to imbalance in the internal
physiology as a result of imposed psychological stress and is
equated to entropy damage (Δ𝑆D).

Δ𝑆 = Δ𝑆D = ∫
2

1

𝛿𝑄
𝑇𝑓 = 𝑚𝐶𝑃 ln(

𝑇𝑓2
𝑇𝑓1) . (2)

The entropy damage during the quasi-static physiological
process shall be used to compute the aging-ratio [14] and is
presented in the next subsection.

2.3. Aging-Ratio Formulation. Consider a quasi-static pro-
cess involving human stress response to a stressful task
followed by a recovery. The data is collected at three different
states: (1) relaxation; (2) stressor task; and (3) recovery. The
relaxation state is considered as the reference state and any
deviation from it is measured in terms of entropy damage.

Postulate 2 (aging-ratio (𝐴aging-ratio)). The ratio of entropy
damage from relaxation (State 1) to stressor task (State 2)
relative to the entropy damage during the process from
relaxation (State 1) to recovery (State 3) is termed as aging-
ratio.

𝐴aging-ratio = (Δ𝑆D)stressor(Δ𝑆D)recovery =
ln (𝑇𝑓2/𝑇𝑓1)
ln (𝑇𝑓3/𝑇𝑓1) , (3)

where 𝑇𝑓1 is finger skin temperature at the end of relaxation
period. 𝑇𝑓2 is finger skin temperature at the end of stressor
period. 𝑇𝑓3 is finger skin temperature at the end of recovery
period.

The aging-ratio adopted from [15] provides a quantitative
measure of human physiological aging or system degrada-
tion.

3. Methodology

3.1. Subjects. Forty-eight male (48) medical residents aged
22–40 years and weighing 57–106 kg and thirty-six (36)
female medical residents aged 23–41 years and weighing
48–114 kg participated in the study. All the eight-four (84)
subjects completed a standard physiological stress profile
procedure routinely used for clinical assessment in the Pri-
mary Care Medicine Department at Eastern Virginia Medical
School.

3.2. Data Collection. The physiological data were collected
by a ProComp+ biofeedback system connected to a Dell
166MHz PC computer running a MultiTrace biofeedback
software for data processing and analysis, as well as a stand-
alone Dinamap 1846 Vital Signs Monitor (Critikon Inc.,
Tampa, FL). The stress profile (Stroop test) is a 20-minute
standard testing sequence, during which skin temperature
from the palmar surface of the left hand little finger is
collected continually during the three states identified previ-
ously, specifically.

State 1 (relaxation period). It includes relaxing in a semire-
clining position with eyes open for three minutes followed
by relaxing with eyes closed for three minutes (total time = 6
minutes).

State 2 (stressor period). This includes solving a series of
forty (40) six-second long cognitive tasks presented on a
computer screen, that is, Stroops-type color-naming tasks
and arithmetic problems, which are alternated.The sequence
of tasks is the same for all subjects (total time = 8 minutes).

State 3 (recovery period). This includes relaxing again with
eyes open for threeminutes followed by relaxingwith the eyes
closed for three minutes (total time = 6 minutes).
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Table 1: Mean finger skin temperature change within male and female subjects at stressor and recovery states.

Response Sex State Mean change (from relaxation State 1) Significance (𝑝)

Finger skin temperature (𝑇𝑓) in K
M 2 (stressor) −1.37 0.00

3 (recovery) −0.87 0.00

F 2 (stressor) −0.57 0.03
3 (recovery) −0.34 0.10

Using the finger cuff, the finger skin temperature was
recorded after State 1 (relaxation period), State 2 (stressor
period), and State 3 (recovery period).

3.3. Illustrative Example. Let us consider one of the subjects
with following data points:
𝑚 = 75.3 kg
𝐶𝑃 = 3.5 kJ/kg⋅K
𝑇𝑓1 = finger skin temperature at the end of relaxation
period = 305.75 K
𝑇𝑓2 = finger skin temperature at the end of stressor
period = 305.39 K
𝑇𝑓3 = finger skin temperature at the end of recovery
period = 305.07K
Δ𝑆DS = entropy damage at stressor State 2
Δ𝑆DR = entropy damage at recovery State 3

For the process from State 1 (relaxation) to State 2 (stressor
task), the entropy damage is given by

Δ𝑆DS = 𝑚𝐶𝑃 ln(𝑇𝑓2𝑇𝑓1)

= (75.3 kg) ∗ (3.5 kJ/kg⋅K) ∗ ln(305.39K305.75K)
= −0.31.

(4)

For the process from State 1 (relaxation) to State 3 (recovery),
the entropy damage is given by

Δ𝑆DR = 𝑚𝐶𝑃 ln(𝑇𝑓3𝑇𝑓1)

= (75.3 kg) ∗ (3.5 kJ/kg⋅K) ∗ ln(305.07K305.75K)
= −0.58.

(5)

The negative sign indicates the entropy damage takes place
with heat loss occurring from the body to the environment
with the decrease of finger skin temperature reflecting stress
response.

The aging-ratio is calculated accordingly:

𝐴aging-ratio = Δ𝑆DSΔ𝑆DR =
ln (𝑇𝑓2/𝑇𝑓1)
ln (𝑇𝑓3/𝑇𝑓1) =

−0.31
−0.58 = 0.53. (6)

The aging-ratio gives a quantitative measure of wear and
tear resulting in aging or system degradation. More detailed
results and analysis are provided in the next section.
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Figure 1: Finger skin temperature variation in male and female
subjects.

3.4. Statistical Tests. The following 𝑡-tests, at the level of
significance, 𝛼 = 0.05, are conducted.

(a) 𝑡-tests: they include tests with two paired samples for
means.

A single-tailed 𝑡-test with paired two samples is con-
ducted to determine if there is a difference in mean physi-
ological stress response (finger skin temperature and entropy
damage) for both male and female subjects at stressor and
recovery states relative to the relaxation (reference) state.

(b) 𝑡-tests: they include tests with two samples assuming
unequal variances.

A single-tailed 𝑡-test with two independent samples is
conducted to determine if there is any significant difference
between male and female mean stress responses (finger skin
temperature, entropy damage, and aging-ratio) for both stres-
sor and recovery states relative to the relaxation (reference)
state.

4. Results and Analysis

The mean change in finger skin temperature from relaxation
State 1 to stressor State 2 and recovery State 3 for both male
and female subjects is provided in Figure 1. The 𝑡-test on
paired samples for male and female subjects is provided in
Table 1. It is clear from Table 1 that there is a significant
statistical difference in the mean finger skin temperature
change from relaxed (reference) State 1 to that of stressor
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Table 2: Mean entropy damage values within male and female subjects at stressor and recovery states.

Response Sex State Mean change in response
(from relaxation State 1) Significance (𝑝)

Entropy damage
M 2 (stressor) −1.11 0.00

3 (recovery) −0.76
F 2 (stressor) −0.41 0.09

3 (recovery) −0.24
Table 3: Testing differences between male and female stress responses.

Response Mean change in response from relaxation State 1 Significance (𝑝)
Male Female

Finger skin temperature at stressor State 2 −1.37 −0.57 0.01
Finger skin temperature at stressor State 3 −0.87 −0.34 0.07
Entropy damage at stressor State 2 −1.19 −0.41 0.02
Entropy damage at stressor State 3 −0.76 −0.24 0.03
Aging-ratio 0.73 1.14 0.21
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Figure 2: Entropy damage variation in male and female subjects.

(State 2) and recovery (State 3) for male subjects. However,
in female subjects it is observed that there is statistical
significance in themean finger skin temperature change from
relaxed State 1 to stressor State 2 while there is no statistical
difference between relaxed and recovery states. The entropy
damage occurs when there is a change from relaxation State
1 to stressor State 2 and recovery State 3. This takes us to the
next step to quantitatively demonstrate entropy damage for
both males and females at stressor and recovery states.

Figure 2 shows the entropy damage for both male and
female subjects. Relaxation State 1 is the reference state and
has a zero value of entropy damage. Any change from this
reference state is shown in Figure 2 and statistical differences
are indicated in Table 2 for both male and female subjects.
It is clear from Table 2 that there is a significant difference
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Figure 3: Aging-ratio for male and female subjects.

between entropy damage values at the stressor and recovery
states for male subjects. At level of significance, 𝛼 = 0.05, the
entropy damage for female subjects is not that significant as
indicated by a 𝑝 value of 0.09 in Table 2.

The negative values of entropy damage indicate that the
heat is lost from the body with decrease in finger skin
temperature during the stressor task [1]. The ratio of entropy
damage at the stressor state (Δ𝑆DS) relative to the recovery
state (Δ𝑆DR) is termed as aging-ratio (𝐴Aging-Ratio) [15].

The statistical 𝑡-tests for two independent samples ofmale
(𝑛 = 48) and female (𝑛 = 36) subjects assuming unequal
variances are presented in Table 3. At level of significance, 𝛼
= 0.05, there is significant statistical difference between male
and female subjects in terms of finger skin temperature (at
stressor State 2) and entropy damage (at stressor State 2 and
recovery State 3). However, with a 𝑝 value of 0.07, there is no
evidence to indicate that there is significant difference in the
values of finger skin temperature (at stressor State 2) between
male and female subjects.

The difference in aging-ratio for male and female subjects
is shown in Figure 3. Further from Table 3, it is clear that
there is no significant difference between themale and female
aging-ratio. The aging-ratio is an indication of wear and
tear over a period of time. The 𝑡-test results presented in
Table 3 serve to evaluate if there are any significant differences
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between male and female subjects pertaining to the values of
finger skin temperature, entropy damage, and aging-ratio.

5. Conclusion

This study involved the use of entropy change expression to
evaluate human stress response under the framework of ther-
modynamic degradationmethodology [15]. It was postulated
that entropy change is simply entropy damage expressed in
terms of finger skin temperature. The aging-ratio is obtained
from the ratio of entropy damage during a stressful task
relative to that of a recovery period. Detailed statistical results
involving data from an experimental study using eighty-
four (84) subjects are presented. The 𝑡-tests indicate that
the entropy damage and aging-ratio provide valuable metrics
with which to evaluate human stress response. In particular,
this thermodynamic degradation approach could be used in
occupational settings where workers are exposed to various
environmental stressors.
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