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Abstract

The thermal environment is an essential factor that affects sleep quality. In many circumstances,
the bed microenvironment is more important than the ambient environment because of the large bedding system;

covered area of the human body and the close contact between the bedding system and the  thermalinsulation;

human body. The main objective of this research is to establish an effective method to determine thermal comfort

bedding system insulation. A thermal manikin was used in the measurement of bedding system . .
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insulation. Three different types of quilts, which were filled with cotton, polyester and duvet
respectively, were chosen to be tested. In total ten different quilts with different materials and
weights were involved in the test. Four regular arrangements of covers were chosen with coverage
rates of 94.1%, 85.9%, 70.6%, and 54.4% to test. A total of 64 bedding systems were tested to build
an effective method to determine the bedding system insulation. On the basis of test data, the © Tsinghua University Press 2022
change of bedding system insulation with coverage was found to be nonlinear. Exponential fitting

was applied to establish an insulation evaluation method for bedding system insulation. In addition,

the effects of quilt cover and sleepwear on bedding system insulation were discussed and thermal

insulation increment caused by quilt cover and sleepwear were estimated. The relationships between

neutral indoor temperature and weight per unit area of the quilt for different coverage rates have

been quantified based on existing subject experiments. This research provides an effective method

to determine bedding system insulation, which can be widely used in thermal comfort research

and HVAC system design.

method to potentially influence human sleep without
health-related side effects. The thermal environment is an

1 Introduction

Humans spend almost a third of their lifetime sleeping
(Aminoff et al. 2011). Many scientific studies have
confirmed the important function of sleep in overcoming
fatigue and recovering energy (Siegel 2005). Sleep deprivation
may cause damage to body systems, resulting in mild
cognitive impairment, increased risk of type 2 diabetes and
cardiovascular disease, and an impaired immune system
(Gangwisch et al. 2005; Pannain et al. 2012; Xie et al. 2013;
Milewski et al. 2014; Rudnicka et al. 2017). Therefore, it is
essential to improve human daily sleep through rational
and effective methods. Compared with physiological and
psychological therapy, environmental control is an effective

E-mail: caobin@tsinghua.edu.cn

important factor affecting sleep quality. Since the 1970s
many experimental studies have focused on the relationship
between the thermal environment and sleep. In previous
studies, sleep experiments were performed without any
coverings. Haskell et al. (1981) conducted hot and cold
exposure sleep experiments and found that a cold sleeping
environment leads to less total sleep time, slow-wave sleep
(SWS), rapid eye movement (REM) sleep, increased sleep
onset latency (SOL), and more awakening times. A recent
study also investigated the effects of heat and cold exposure
on the sleep of subjects wearing short-sleeved sleepwear
and covered with blankets (Lan et al. 2014). The results
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List of symbols

f area fraction of the segment

i number of the body-segment

I insulation of bedding system excluding quilt cover
and sleepwear (clo)

I insulation of sleepwear (clo)

I total insulation of bedding system (clo)

Al increment of bedding system insulation caused by
quilt cover (clo)

AIL increment of bedding system insulation caused by
sleepwear (clo)

K unit constant equals 6.45 clo-W/(m*K)

P. coverage rate

Qs total heat flow rate on the manikin surface
(W/m?)

Qsk heat flow rate of the segment (W/m?)

Ry total resistance of the bedding system (m*K/W)

R, thermal resistance between uncovered body and
environment (K/W)

R thermal resistance caused by covering (K/W)

R thermal resistance caused by mattress (K/W)

to operative temperature of the environment (°C)

Foe skin temperature of thermal manikin (°C)

w weight per area of a quilt or other bedding
system (kg/m?)

indicated that the subjects took a longer time to fall asleep
and experienced a shorter period of SWS when the room
temperatures were moderately deviated from neutral. Some
field studies also provide proof that the thermal environment
affects sleep quality. Tsuzuki et al. (2015) conducted a survey
in different seasons of a year to investigate the effects of
seasonal illumination and ambient thermal environments
on sleep in elderly men and found that the SOL in winter
is higher than that in spring and autumn. The studies of
Wang et al. (2015), Song et al. (2016), and Cao et al. (2022)
affirm the negative effects of a cold environment on thermal
sensation and comfort before sleep.

Fanger formulated the predicted mean vote (PMV)
function to evaluate the thermal environment (Fanger 1970),
which is recognized by ASHRAE Standard 55 (ASHRAE
2017) to guide HVAC system design. However, the PMV
model has limitations and many scholars made different
efforts with new models sprung up (Lai et al. 2020; Wu et al.
2021). The PMV index can only be applied to predict thermal
sensation when subjects are awake. The thermal sensation
differences between awake and sleeping person have been
proven by Pan et al. (2012) and Zhang et al. (2018). The
flexibilities of thermal adaption are also different between
awake and sleeping person, especially the physiological and
behavioral adaptations (Nicol et al. 2012). When humans
are awake, they are aware of and capable of adjusting garment
insulation and controlling the facilities (Zhang et al. 2022)
to achieve temperature neutrality by adding or removing
clothing. People who fall asleep, on the other hand, will have
their temperature adaption abilities impaired (Bach et al.
2002). To optimize thermal comfort and sleep quality, it is
critical to select beddings with proper insulation levels. The
ambient environment, bedding system (including mattress,
quilt, pillow, and sleepwear) and human body jointly build
a microclimate for sleeping people, which can affect the
human body directly. The effects of the thermal environment

on sleep depend on bedding systems. Like the building
envelope (Amraoui et al. 2021), the bedding system provides
insulation between the ambient environment and the human
body. Currently, there is few reference value that can be used
directly on the thermal insulation of the bedding system, nor
is the standard calculation method for bedding insulation.
Table 1 shows a comparison of the existing research
measurements of bedding insulation. All researchers used
thermal manikins to measure bedding system insulation.
Although concluding some linear formulas in the research,
McCullough et al. (1987) mainly focused on the covering of
blankets which were widely used in western countries at
that time. In the subsequent analysis, the linear relationship
was found could not elucidate the changing of thermal
resistance by the weight of coverings. Lin and Deng (2008)
compared the thermal resistance differences between
conventional mattress and zongbang bed, which is commonly
used in southern region of China. Only four coverings were
included in Lin and Deng’s research and no calculation
formula has been obtained. Lu et al. (2021) tested different
bedding systems and provided fitting equations respectively
for three bedding systems filled with silk, wool, and down.
In Lu et al’s research, the effect of different postures of
thermal manikin on bedding system insulation has been
investigated. Wilson and Chu (2005) investigated thermal
insulation of selected eastern and western infant bedding
combinations, and discussed insulation level differences in
relation to environmental conditions among countries and
between seasons. Wilson et al. (1999) also explored the
estimation for thickness and thermal resistance of bedding
assembly with experiments, and concluded that it was
applicable to estimate the corresponding properties of flat
beddings with measured values of single layers. Pan et al.
(2010) applied a mathematical model to describe the
bedding system. The bedding system was simplified to a
trapezoid and the human body to a rectangle inside the
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Table 1 Comparison of the existing measurement research of bedding insulation

McCullough et al. 1987

Lin and Deng 2008 Lu et al. 2021

Type of mattress Cotton mattress
Type of sheet None
Number of covering 22
Number of sleepwear 4
Number of coverage 17
Type of sleep position Supine

Conventional mattress/Zongbang bed Down mattress

Cotton sheet/Straw mat Cotton sheet

4 15

2 0

8 4
Supine Supine/lateral

trapezoid. One of the variables used in these studies is
bedding thickness under standard pressure, which is difficult
to measure and then hard to use in practice.

The main purpose of this research is to establish a
prediction method to evaluate bedding system insulation,
which can be easily applied in thermal comfort research.
Many standards have stipulated the testing procedure
for the thermal resistance measurement that can provide
valuable references for this study. ASTM-F1291 (ASTM
2010) provides method for measuring the thermal insulation
of clothing using a heated manikin. ASTM-F1291 demands
that the skin surface temperature of thermal manikin’s
each segment is kept at 35 °C and the minimum heat flow
rate is 20+10 W/m? ISO 9920 (ISO 2009) requires that the
skin surface temperature of each segment should be the
same, ranging from 32 to 34 °C. The relative humidity
requirements of ASTM-F1291 and ISO 9920 are the same
at 30%-70%. I1SO 23537 (ISO 2016, 2022) focuses on the
thermal, mass and dimensional requirements for sleeping
bags. It provides test methods and requirements of lower
temperature limits for sleeping bags. As prescribed in ISO
23537-1:2022, the repeatability of the measurement on each
sleeping bag shall be better than 4% (variation coefficient),
which can be applied to our research.

2 Method

2.1 Testing objects

The total thermal resistance of the bedding system refers to
the blocking effect (thermal resistance) of the bedding
system composed of bed, mattress, sheet, pillow, coverings
(such as quilt and blanket) and pajamas on the heat emission
of the human body in lying state, and the unit is 1 clo
(0.155 m*K/W). Different from the definition of clothing
insulation, the bedding system insulation generally includes
the thermal resistance of the air layer on the outer surface
of the bedding system. The thermal environment inside
bedding depends on the indoor thermal environment and
the thermal property of the bedding system, which affects
the thermal comfort of the human sleep state.

Based on our previous investigation about sleeping
habits in China (Zhang et al. 2018), quilts filled with three
different materials: polyester, down and cotton, were chosen
to obtain the actual insulation data of commonly used
bedding systems. Besides quilts, cotton sheet, cotton pillow,
conventional mattress and two kinds of sleepwear were
included in the testing bedding system. Cotton sheet, cotton
pillow and conventional mattress were basic and constant
condition. Specific data of testing objects are listed in Table 2.
All the quilts are the same size (1.5 m x 2.0 m). Since in real
sleep the proportion of the body surface area covered by
the bedding system is variable, four common forms of
coverage were chosen with the coverage rates of 94.1%,
85.9%, 70.6% and 54.4% to test. The data for coverage rates
originate from the research of McCullough et al. (1987).
Figure 1 shows the schematic of the four covering forms.
A total of 64 bedding system groups were tested and used
to build an effective method to determine the bedding
system insulation, as listed in Table 3.

2.2 Testing procedure

Similar to clothing insulation testing, a thermal manikin,
named Newton, was applied to the measurement of
bedding system insulation. As shown in Figure 2, Newton
is a thermal manikin with the geometry of the average
Asian male body, which consists of 20 segments. Each
segment has independent heating and computer control
system. The skin surface temperature and heat flow rate of
the 20 segments can be controlled separately. Table 4 also
shows the skin surface area and the area factor of each
segment.

According to existing standards and sleep research, the
testing conditions of this study were determined to be 35 °C
for each segment and 22 °C for ambient temperature,
which are different from the previous measurement research
of McCullough et al. (1987), Lin and Deng (2008). In their
studies, the temperature setting of hands and feet is lower
than other body segments. The mean skin temperature
settings for hands and feet was 29.4 °C and for the whole
body was 33.3 °C in McCullough’s measurements. The
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Table 2 Measured parameters of bedding items

Type Number Description Total weight (kg) Weight per area (kg/m?)
P1 0.966 0.322
P2 Filling: 100% polyester 1.544 0.515
Polyester quilt
P3 Cover: 100% polyester 2.372 0.791
P4 2.774 0.925
D1 1.495 0.498
. Filling: 100% down
Down quilt D2 1.904 0.635
Cover: 100% cotton
D3 2.946 0.982
C1 1.940 0.347
. Filling: 100% cotton
Cotton quilt C2 2.894 0.665
Cover: 100% cotton
C3 3.988 1.029
Short-sleeved sleepwear S1 100% cotton 0.248 —
Long-sleeved sleepwear S2 100% cotton 0.586 —
Quilt cover QC 100% cotton 0.956 —
Sheet — 100% cotton — —
Filling: 100% cotton
Pillow — — —
Cover: 100% cotton
Filling: 100% polyester
Mattress — § o POy —

Cover: 100% polyester

94.1%
Fig. 1 The schematic of the four covering forms

85.9%

Table 3 Tested bedding system groups

Quilt

P1, P2, P3, P4
94.1%; 85.9%;

D1,D2,D3 X X 40
70.6%; 54.4%

Coveragerate  Quiltcover  Sleepwear ~ Sum

C1,C2,C3
P1,P2,P3,P4  94.1%;54.4% 3 X 8
P1,P2,P3,P4  94.1%; 54.4% \/ S1 8
P1,P2,P3,P4  94.1%; 54.4% \/ S2 8

Total sum 64

mean skin temperature settings were 31 °C for hands and
feet and 35 °C for other body segments in Lin and Deng’s
measurements. Based on existing sleep thermoregulation
research (Krduchi et al. 1999; Lan et al. 2016; Zhang et al.

70.6%

2019), the distal-proximal temperature gradient during
sleep is close to zero, ranging from —1 to 0 °C. Consequently,
we chose the uniform skin temperature for different segments
as a better parallel with the actual situation. The relative
humidity was controlled between 40% and 50%. Figure 3
shows the testing of a down quilt bedding system (without
quilt cover and sleepwear) with coverage rates of 85.9%
and 54.4%. Air temperature, globe temperature and relative
humidity were continuously monitored and recorded during
the whole test period.

2.3 Data processing

Every bedding system was tested repeatedly three times,
which took about 3 hours. According to ISO 23537-1:2022
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Fig. 2 The thermal manikin Newton

Table 4 The skin surface area and the area factor of each segment

No. Segment Area (m?) Area fraction
1 Face 0.047 0.028
2 Head 0.094 0.055
3/4 R/L Upper arm 0.069 0.040
5/6 R/L Forearm 0.061 0.036
718 R/L Hand 0.046 0.027
9 Chest 0.121 0.071
10 Shoulders 0.101 0.059
11 Stomach 0.119 0.070
12 Back 0.094 0.055
13/14 R/L Hip 0.081 0.047
15/16 R/L Thigh 0.127 0.074
17/18 R/L Calf 0.121 0.071
19/20 R/L Foot 0.060 0.035

(ISO 2022), the repeatability of the measurement on each
bedding combination is better than 4%. The average value
of three tests was regarded as the actual measured thermal
insulation of the tested bedding system. The data recorded
in the last five minutes of each test, when the manikin was
in thermal equilibrium, were used to calculate total bedding
system insulation. Figure 4 shows the testing data of thermal
manikin’s right upper arm when the bedding system was
composed of P2, quilt cover and long-sleeved sleepwear
with the coverage rate of 94.1%. The figure includes data
from three tests of the bedding system. The shadow parts in
the Figure 4 are the data used to calculate the thermal
insulation. The bedding system insulations were calculated
using Eq. (1).

J— 20
ty — ¢ o Ji Xt — 1
IT =Kx sk °o—K Zyzlf k,

Q x 20
sk Zizlfi X URY

(1)

(b)

Fig. 3 Testing of a down quilt bedding system with different
covering percentages: (a) 85.9%; (b) 54.4%
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Fig. 4 The testing data of thermal manikin’s right upper arm
(P2, QC, S2, and 94.1%)

3 Results

3.1 Measured bedding system insulations

According to measured data and accepted heat transfer
principles, the total insulation of different bedding systems
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was calculated. When the naked manikin lies flat on the
mattress, the bedding system, consisting of air layers
and mattress, has a measured insulation value of 0.95 clo.
Table 5 shows the specific values of measured insulation
data of different bedding systems. The higher weight per
area and coverage rate, the higher the total bedding system
insulation. The insulation of the three different kinds of
bedding systems share a similar pattern of change with
weight. The results show that bedding system insulation is
hardly affected by the filling materials but has a strong
relationship with weight per area and coverage rates.

3.2 Comparing the results of different filling materials

Figure 5 shows the comparison of the bedding system
insulations with different filling materials under the same
coverage rate. It can be concluded from the figures that the
thermal insulations of bedding systems with different filling
materials have no significant difference in this study.
The correlation between the thermal insulation and the
parameters of filling material type, filling weight, and
coverage is analyzed with statistical methods. For the type
of filling material, with the verification of normality test

Table 5 Measured bedding system insulations

94.1% 85.9% 70.6% 54.4%

P1 2.74 2.14 1.75 1.53

P2 3.30 2.55 2.02 1.70

P3 4.09 3.01 2.23 1.75

P4 4.39 3.06 2.40 1.78

D1 3.35 2.45 1.98 1.74

D2 3.95 2.76 2.28 1.80

D3 4.49 3.14 2.37 1.85

Cl1 3.70 2.80 2.21 1.71

C2 4.59 3.39 2.45 1.82

C3 4.89 3.47 2.57 1.85
P1+QC 2.81 — — 1.56
P2+QC 3.51 — — 1.77
P3+QC 4.24 — — 1.83
P4+QC 4.55 — — 1.94
P1+QC+S1 3.10 — — 1.61
P2+QC+S1 3.71 — — 1.80
P3+QC+S1 4.43 — — 1.92
P4+QC+S1 4.61 — — 1.99
P1+QC+S2 3.11 — — 1.70
P2+QC+82 3.73 — — 1.92
P3+QC+S2 4.44 — — 2.15
P4+QC+S2 4.65 — — 2.23

within each type and the homogeneity of variance test,
no significant correlation to the thermal insulation is found
via ANOVA. Then, for the filling weight and coverage, the
Spearman correlation test is performed since the overall
samples are not of a normal distribution, and the results for
both parameters show significance at p < 0.05 level. The
detailed indicators are presented in Table 6. In general, for
the three influential factors concerned in this study, the
thermal insulation is mainly affected by filling mass per
unit area and coverage rate.

As shown in Figure 5, the influence of weight per unit
area on bedding system insulation varies at different
coverage rates. When the whole body of the manikin is
covered with the only head exposed to the air, the higher
the weight per unit area of the quilts, the higher the total
thermal insulation of the bedding system. The change
tendency of high coverage rate is more obvious than that
of low coverage rates. As more and more body parts of
the thermal manikin are exposed to the air (Figure 5), the
influence of the weight per unit area on the total thermal
insulation becomes less and less.

3.3 Effects of quilt cover and sleepwear

Quilt covers are commonly used in China to keep the
comforter clean, which can add two air layers to the
bedding system and then increase the thermal resistance.
Sleepwear has a fixed thermal resistance and also adds air
layers in the bedding system, resulting in an increase in the
thermal insulation of the total bedding system. The two
kinds of sleepwear chosen in this study were measured using
the same thermal manikin to determine their clothing
insulation. The air layer insulation of the naked and standing
thermal manikin is 0.65 clo. The short-sleeved sleepwear
and long-sleeved sleepwear have insulation of 0.30 clo and
0.53 clo respectively. The effects of quilt cover (QC) and
sleepwear (S1 and S2) on bedding system insulation were
estimated by measuring the polyester filling bedding systems
with a quilt cover and different sleepwear under the highest
and lowest coverage rates of 94.1% and 54.4%. Figure 6
shows the measurement results. It can be concluded that
the effect of bedding system insulation is no different
whether short or long sleepwear is worn is no different
when the coverage is high. The higher the weight per area,
the less the increase in total insulation. When the coverage
is low, the influence of short-sleeved sleepwear is small,
and long-sleeved sleepwear can significantly increase the
thermal resistance of the bedding system. Quantitative
estimations on the change of bedding system insulation
caused by quilt cover and sleepwear are demonstrated in
Section 3.4.
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Fig. 5 Comparison of the bedding system insulations with different filling materials under the same coverage rate: (a) 94.1%; (b) 85.9%;

(c) 70.6%; (d) 54.4%

Table 6 Correlation analysis of influencing factors and thermal insulation of bedding system

Influencing factors Variable type Test method Correlation indicator/F-statistic p value Significance
Filling material Categorical variable ANOVA 0.722 0.493 Not significant
Filling weight Numerical variable Spearman 0.327 0.040 Significant
Coverage Numerical variable Spearman 0.918 <0.001 Significant
5 5
B Without QC, S1, and S2 M Without QC, S1, and S2
@ withc * 4 ® with QC
A With QC and S1 ® o A With QC and S1
4| v withQcands2 u 4| v With QC and 52
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1 . . : 1 . . .
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@) (b)

Fig. 6 The measurement results of bedding systems with or without quilt cover and different sleepwear under two body coverage rates:

(2) 94.1%; (b) 54.4%

3.4 Establishment of a bedding system insulation
calculation model

As analyzed in Section 3.2, the total thermal insulations of
bedding systems with different filling materials (polyester,
duck down, and cotton) have no significant difference in
this study. Without considering the influence of the filling

material, the thermal insulation of the bedding system (I) is
a function of the weight per unit area of the quilt (w) and
the coverage (P.). The value range of the coverage rate is
54.4%-94.1%, and the value range of the weight per unit
area of the quilt is 0.2-1.3 kg/m?.

It can be seen from Figure 7 that the change of total
bedding system insulation against weight per area is not
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Fig. 7 First-order decay exponential fitting curve of bedding system
insulation

linear. After sifting through possible functions, an exponential
function was chosen to fit the measured data. Four fitting
curves are shown in Figure 7, and the fitting correlation
coefficients are above 0.99. Equation (2) is a first-order
fitting formula. In the formula, 0.95 is a fixed intercept,
derived from the thermal insulation of the bedding system
with only the naked manikin lies flat on the mattress. The
independent variable used in the fitting is the weight per
unit area, and for the four coverage rates, four sets of fitting
coefficients a and ¢ are obtained.

I=a[l—exp(w/t)]+0.95 (2)

Further analysis of the fitting coefficients a and ¢ shows
the first-order decay exponential function relationship
between fitting coefficients and the coverage rates, as
illustrated in Figure 8. Equations (3) and (4) are the
deterministic relational expressions of the fitting coefficients
a and t. Therefore, under the condition of known coverage
rate (P.), the coefficients a and ¢ can be determined. And

5 0.7
4 0.6 -
0.5 -
3 |
s -
0.4 -
2 L
n
0.3 -
1 -4

| 1 1 0.2 1 1 1
05 06 07 08 09 10 05 06 0.7 0.8 09 1.0
P P

c c

Fig. 8 Determination of fitting coefficients a and ¢

then the weight per unit area (w), a and t can be substituted
into Eq. (2), to calculate the bedding system insulation.

a=0.012exp( P, /0.162) +0.644 (3)
t =—4.33exp(—P. /0.252) +0.782 (4)

As analyzed in Section 3.3, the total thermal resistance
of the bedding system will increase resulting from the
increased air layer provided by the quilt cover. The thermal
insulation increment caused by quilt cover is related to the
weight per unit area and coverage rate. A function of the
weight per unit area and coverage rate can be established to
estimate the insulation increment. Equation (5) is the
formula for estimating the thermal insulation increment by
applying multiple linear regression fitting. The thermal
insulation increment caused by sleepwear is related to the
insulation of sleepwear. In the case of high quilt coverage,
there is no difference in the increase of thermal insulation
Meanwhile, the
higher the weight per unit area, the less the increase in total
thermal insulation. Compared with sleepwear with small
insulation, sleepwear with higher insulation can significantly

caused by the insulation of sleepwear.

increase the bedding system insulation when coverage is
low. Therefore, the thermal insulation increment caused by
sleepwear is a function of weight per unit area, coverage
rate, and sleepwear insulation. Equation (6) is the formula
for estimating the thermal insulation increment caused by
sleepwear by applying multiple linear regression fitting.
It should be noted that when the bedding system does not
contain a quilt cover or sleepwear, the thermal insulation
increment should be zero.

Al = f(w,P.)=0.146w +0.168P. — 0.1 (5

AL = f(w,P,I,) = —0.045w 4 0.157P, + 0.391I, — 0.07
(6)

In summary, the total thermal insulation of the bedding
system can be calculated by adding the thermal insulation
of the beddings (excluding the quilt cover and sleepwear),
the thermal insulation increment of the quilt cover and the
thermal insulation increment of the sleepwear, as shown in
Eq. (7). Therefore, a bedding system insulation calculation
model is established. Figure 9 shows the calculation flow
chart of the model. The model should be applied in the
range of P. between 54.4% and 94.1%, w between 0.2 and
1.3 kg/m? The extrapolation of the model application
interval needs further validation.

I, = I+ Al + AL = f(w,P,1,) ?)

According to this model, the bedding system composed
of quilts made of porous and fluffy filling materials can be
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Fig. 9 Calculation flow chart

predicted under the conditions of known weight per unit
area, coverage rate and sleepwear insulation. Compared
with the measured results, the predicted results calculated
by the model have high accuracy (Figure 10).

[3,]

B

N

Model prediction insulation data (clo)
- w

Measured insulation data (clo)

Fig. 10 Comparison of measured data and model prediction data

4 Discussions

4.1 Comparison to other studies

Some earlier studies mainly measured the insulations
of polyester filling bedding. To ensure fair and valid
comparisons, only polyester filling bedding types were
investigated. The body surface coverage rate chosen in
comparison was 94.1%. Long-sleeved sleepwear was included
in the bedding system. In Pan’s model (Pan et al. 2010),
the total insulation of the bedding system is a function of
the thickness of the quilt and body surface coverage rate.
Figure 11 shows a comparison of our study and three
existing studies, including two measurement studies and a
model study. It can be concluded that the results of our
study are in conformity with McCullough’s measurement

study (McCullough et al. 1987) and Pan’s prediction model
(Pan et al. 2010), but lower than the value of Lin’s study
(Lin and Deng 2008).

The aforementioned studies provide important basis
for the bedding research. Meanwhile, further studies are
needed since the number of different quilts and parameters
considered before are limited. Appropriate mathematical
descriptions on the effects of filling weight and coverage
are also necessary to be addressed. In this study, a wider
range of quilt weights with multiple types of filling materials
are considered for various coverage conditions in the
experiments. The obtained results are fitted as an exponential
correlation for thermal insulation corresponding to weight
per unit area. In addition, the effects of quilt cover and
sleepwear on bedding system insulation were discussed and
thermal insulation increment caused by quilt cover and
sleepwear were estimated in our work.

5L
s 4r
s
_.l—
3+ @ McCullough, 1987 (test)
McCullough, 1987 (fitting)
@ Lin, 2008 (test)
Pan, 2010 (model)
@ This study
2 1 1 1 1
0.25 0.50 0.75 1.00 1.25 1.50

Weight per unit area (kg/m?)

Fig. 11 Comparison with different studies (Lin and Deng 2008;
Pan et al. 2010; McCullough et al. 1987)

4.2 Analogical analysis of nonlinearity of bedding system
insulation

To better understand the nonlinearity of the change of
bedding system insulation, an electrical analogy can be
applied to the analysis. Pan et al. (2010) provided similar
analysis in their study based on the assumption that the
section of a human body is a rectangle and the shape of the
bedding covering the human body is a trapezoid. Figure 12
shows the resistance nodes of a bedding system which can
be divided into three portions: the resistance caused by
covering (R.), the resistance caused by mattress (Rnm), and
the resistance of the air layer between uncovered body and
environment (Ry).

The total resistance of a bedding system can be
calculated by Eq. (8). The heat transfer between the covered
body and the environment includes three parts: conductive,
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Fig. 12 Resistance nodes of the bedding system

convective, and radiative heat transfer between the body
and the internal surface of the covering; heat conduction of
covering; convective and radiative heat transfer between
the external surface of the covering and environment.
Under steady-state conditions, the conventional mattress
can be assumed to be adiabatic. The R,, approaches infinite
and Eq. (8) can be simplified to Eq. (9). Therefore, the
resistance of the bedding system (Rr) is a nonlinear function
of the covering resistance (R.).

1 1 1 1
= 8
RT Rc * Rm * Rb ( )
1 _ R 9
RT Rc + Rb

4.3 Discussion on the effect of filling materials and
sleeping posture

The quilts tested in the experiments of this study are
randomly selected among the top-selling items from the
e-commerce platform in China. Although there is no
significant effects of the tested filling materials on thermal
insulation of the bedding system in this study, further
investigation should be conducted with more types and
various specifications of filling materials for better illustration.
McCullough et al. (1987) proposed linear fitting formulas of
bedding system taking into account mainly thickness,
weight, and the amount of body surface area covered by the
bedding and clothing components, which is similar to our
conclusion. Another research investigated three different
bedding systems filled with down, wool, and silk (Lu et al.
2021). And the research confirmed the thermal resistance
differences between the beddings filled with different
materials. Whether the accurate calculation of bedding
system insulation can ignore the material difference is
inconclusive and needs further research.

In addition, the down feather quilts were expected to
achieve high thermal insulation performances, while no
significant advantage is observed in this study. Aside from
the influencing factors considered in this study, the filling
power (EN 2018) is also an essential parameter for down

quilts. The higher of filling power, the higher of thermal
resistance. Therefore, the tested duvets in this study may
have a low filling power, resulting in thermal performance
comparable to cotton and polyester beddings.

More studies are needed to explore the material
difference and measure the insulations of bedding made of
other materials. Considering that all the beddings used in
this study are new, the attenuation of bedding insulation
over time may also require further investigation. During
the daily use, the fabric will absorb the moisture emitted by
the human body and the moisture in the environment.
Studies show that the thermal conductivity of fabrics like
cotton and NOMEX, will increases 0.01 W/(m-K) along
with the 10% increasing of relative moisture content
absorbed in samples (Bogustawska-Baczek and Hes 2011;
Hes et al. 2014).

The bedding system insulation can be affected by the
sleeping posture. Lu et al. (2021) investigated the thermal
resistance difference of supine, sideways and crouching
sleeping using the same beddings. The result shows no
significant difference between the thermal insulation obtained
in supine and sideways posture. The crouching posture can
provide highest thermal resistance because of the reduction
of heat dissipation. Another research compared the
thermal resistance difference of supine, prone and lateral
posture (Zhu 2017). It can be concluded that supine posture
provides highest insulation while side-lying posture provides
lowest insulation, but the difference was not significant.
More scientific research is needed in the future to clarify
the effect of posture on thermal insulation.

4.4 The effect of bedding weight on comfortable indoor
temperature

Based on the above tests and results, how can we choose
appropriate bedding and set comfortable night bedroom
temperatures in daily life? Our previous study provided a
comfort zone of bedding insulation and air temperature
on the basis of subject experiments (Zhang et al. 2020).
According to the comfort zone, the relationships between
neutral indoor temperature and weight per unit area were
calculated. The curves in Figure 13 show the relationships
between neutral indoor temperature and weight per unit
area for different coverage rates.

It should be noted that the thermal insulation of the
bedding is transformed into a relationship between the
weight per unit area of the quilt and the coverage, without
considering the thermal insulation increment caused by
sleepwear. As illustrated in Figure 13, for the same quilt,
the corresponding neutral temperature is different for
different coverage rates. The differences in neutral ambient
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Fig. 13 The relationships between neutral indoor temperature
and weight per unit area for different coverage rates

temperature corresponding to different quilts were greater
at high coverage and less at low coverage. The comfort
zone in Figure 13 has more intuitive features that can guide
people in choosing the right quilt and ambient temperature
in real life.

45 Limitations and future studies

Based on 64 sets of measured data of typical bedding
systems, this study established the thermal insulation
calculation method of the bedding system composed of
flufty-filled coverings, including the estimation of the
thermal insulation increments caused by the quilt cover
and sleepwear, using the weight per unit area, coverage rate,
and sleepwear insulation as variables. However, there are
some limitations in this study, and the research work can
be continued in the following issues.

e Since the bedding used for testing in this study was
brand new and the moisture absorption of the quilts with
different filling materials was significantly different, the
thermal insulation attenuation caused by the change in
the fluffiness of the quilts overtime needs to be further
investigated.

o In this study, the thermal insulation of bedding systems
with three different filling materials (polyester, down, and
cotton) was tested and no significant differences were
found. However, the actual beddings people use may be
filled with wool, silk, and even mixed material. More
testing studies are required to determine the calculation
method of thermal insulation of the bedding systems
with different filling materials.

e Considering the thermal manikin’s hard exterior and
convenience for measurement, only the supine position

was tested in this research. However, when people curl
up in bed, the heat dissipation area will be reduced and
the body heat dissipation decreases (Lu et al. 2021).
More research is needed to determine the correction
factors for thermal insulation calculations in other
sleeping positions.

5 Conclusions

Based on measured data of 64 bedding system groups, this
research has established an effective method to evaluate
bedding system insulation, which can be applied to thermal
comfort research and HVAC system design. Bedding
system insulation can be determined by knowing the body
surface covering area percentage, the weight per area of the
insulation materials used in the quilt, the thermal insulation
of sleepwear, and the bedding system having a quilt cover
or not. Exponential fitting was chosen to fit the measured
data and shows a perfect degree of fit. The effects of quilt
cover and sleepwear on bedding insulation also have been
investigated. We developed quantitative estimations on the
increment of bedding system insulation caused by quilt
cover and sleepwear. Further measurement and analysis are
required to improve the bedding insulation evaluation
method in light of filling materials and insulation attenuation.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 52178079, No. 51838007), China
Postdoctoral Science Foundation (No. 2021M701940), and
Shuimu Tsinghua Scholar Program (No. 2020SM003).

References

Aminoff MJ, Boller F, Swaab DF (2011). Handbook of Clinical
Neurology. Amsterdam: Elsevier.

Amraoui K, Sriti L, Di Turi S, et al. (2021). Exploring building’s envelope
thermal behavior of the neo-vernacular residential architecture
in a hot and dry climate region of Algeria. Building Simulation,
14: 1567-1584.

ASHRAE (2017). ASHRAE Standard 55-2017: Thermal Environmental
Conditions for Human Occupancy. Atlanta, GA, USA: American
Society of Heating, Refrigerating and Air-Conditioning Engineers.

ASTM (2010). ASTM-F1291-10. Standard Test Method for Measuring
the Thermal Insulation Of Clothing Using a Heated Manikin.
American Society of Testing and Materials (ASTM).

Bach V, Telliez F, Libert J-P (2002). The interaction between sleep
and thermoregulation in adults and neonates. Sleep Medicine
Reviews, 6: 481-492.

Bogustawska-Baczek M, Hes L (2011). The effect of moisture on
thermal resistance and water vapour permeability of nomex fabrics.
Journal of Materials Science and Engineering, 1: 358-366.



132

Zhang et al. / Building Simulation / Vol. 16, No. 1

Cao T, Lian Z, Zhu J, et al. (2022). Parametric study on the sleep thermal
environment. Building Simulation, 15: 885-898.

EN (2018). EN 12130-2018. Feather and down—Test methods—
Determination of the filling power (massic volume). European
Norm (EN).

Fanger PO (1970). Thermal Comfort. Copenhagen: Danish Technical
Press.

Gangwisch JE, Malaspina D, Boden-Albala B, et al. (2005). Inadequate
sleep as a risk factor for obesity: analyses of the NHANES 1. Sleep,
28:1289-1296.

Haskell E, Palca J, Walker J, et al. (1981). The effects of high and low
ambient temperatures on human sleep stages. Electroencephalography
and Clinical Neurophysiology, 51: 494-501.

Hes L, Bogustawska-Baczek M, Geraldes MJ (2014). Thermal comfort
of bedsheets under real conditions of use. Journal of Natural
Fibers, 11: 312-321.

ISO (2009). ISO 9920. Estimation of the Thermal Insulation and
Evaporative Resistance of a Clothing Ensemble. International
Organization for Standardization (ISO).

ISO (2016). ISO 23537-2:2016. Requirements for Sleeping Bags—Part
2: Fabric and material properties. International Organization for
Standardization (ISO).

ISO (2022). ISO 23537-1:2022. Requirements for Sleeping Bags—Part
1: Thermal, mass and dimensional requirements for sleeping
bags designed for limit temperatures of —20°C and higher.
International Organization for Standardization (ISO).

Kriuchi K, Cajochen C, Werth E, et al. (1999). Warm feet promote
the rapid onset of sleep. Nature, 401: 36-37.

Lai D, Chen B, Liu K (2020). Quantification of the influence of thermal
comfort and life patterns on outdoor space activities. Building
Simulation, 13: 113-125.

Lan L, Pan L, Lian Z, et al. (2014). Experimental study on thermal
comfort of sleeping people at different air temperatures. Building
and Environment, 73: 24-31.

Lan L, Lian ZW, Lin YB (2016). Comfortably cool bedroom environment
during the initial phase of the sleeping period delays the onset of
sleep in summer. Building and Environment, 103: 36-43.

Lin Z, Deng S (2008). A study on the thermal comfort in sleeping
environments in the subtropics—Measuring the total insulation
values for the bedding systems commonly used in the subtropics.
Building and Environment, 43: 905-916.

Lu Y, Niu M, Song W, et al. (2021). Investigation on the total and
local thermal insulation of the bedding system: Effects of filling
materials, weights and body postures. Building and Environment,
204:108161.

McCullough EA, Zbikowski PJ, Jones BW (1987). Measurement and
prediction of the insulation provided by bedding systems.
ASHRAE Transactions, 93(1): 1055-1068.

Milewski MD, Skaggs DL, Bishop GA, et al. (2014). Chronic lack of
sleep is associated with increased sports injuries in adolescent
athletes. Journal of Pediatric Orthopaedics, 34: 129-133.

Nicol F, Humphreys M, Roaf S (2012). Adaptive Thermal Comfort:
Principles and Practice. London: Routledge

Pan D, Lin Z, Deng S (2010). A mathematical model for predicting
the total insulation value of a bedding system. Building and
Environment, 45: 1866-1872.

Pan L, Lian Z, Lan L (2012). Investigation of sleep quality under
different temperatures based on subjective and physiological
measurements. HVAC ¢ R Research, 18: 1030-1043.

Pannain S, Beccuti G, van Cauter E (2012). The connection between
sleep loss, obesity, and type 2 diabetes. In: Shiromani P, Horvath
T, Redline S, et al. (eds), Sleep Loss and Obesity. New York:
Springer.

Rudnicka AR, Nightingale CM, Donin AS, et al. (2017). Sleep duration
and risk of type 2 diabetes. Pediatrics, 140: €20170338.

Siegel JM (2005). Clues to the functions of mammalian sleep. Nature,
437(7063): 1264-1271.

Song C, Liu Y, Zhou X, et al. (2016). Temperature field of bed climate
and thermal comfort assessment based on local thermal sensations.
Building and Environment, 95: 381-390.

Tsuzuki K, Mori I, Sakoi T, et al. (2015). Effects of seasonal
illumination and thermal environments on sleep in elderly men.
Building and Environment, 88: 82-88.

Wang Y, Liu Y, Song C, et al. (2015). Appropriate indoor operative
temperature and bedding micro climate temperature that
satisfies the requirements of sleep thermal comfort. Building and
Environment, 92: 20-29.

Wilson CA, Niven BE, Laing RM (1999). Estimating thermal
resistance of the bedding assembly from thickness of materials.
International Journal of Clothing Science and Technology, 11:
262-276.

Wilson CA, Chu MS (2005). Thermal insulation and SIDS—An
investigation of selected ‘Eastern’ and ‘Western’ infant bedding
combinations. Early Human Development, 81: 695-709.

Wu Y, Liu H, Li B, et al. (2021). Individual thermal comfort
prediction using classification tree model based on physiological
parameters and thermal history in winter. Building Simulation,
14: 1651-1665.

Xie L, Kang H, Xu Q, et al. (2013). Sleep drives metabolite clearance
from the adult brain. Science, 342: 373-377.

Zhang N, Cao B, Zhu Y (2018). Indoor environment and sleep quality:
A research based on online survey and field study. Building and
Environment, 137: 198-207.

Zhang N, Cao B, Zhu Y (2019). Effects of pre-sleep thermal
environment on human thermal state and sleep quality. Building
and Environment, 148: 600-608.

Zhang N, Cao B, Wang Z, et al. (2020). Effects of bedding insulation
and indoor temperature on bed microclimate and thermal
comfort. Energy and Buildings, 223: 110097.

Zhang J, Zhou X, Lei S, et al. (2022). Energy and comfort performance
of occupant-centric air conditioning strategy in office buildings
with personal comfort devices. Building Simulation, 15: 899-911.

Zhu M (2017). Research on the adjustment mechanism of the air
velocity produced by residential fans for the sleeping human in
hot and humid climate. PhD Thesis, Donghua University, China.
(in Chinese)



